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Abstract: When the wind power system is working in the maximum wind energy tracking area, or
when its mechanical drivetrain system vibrates and the vibration frequency is relatively high, the
system cannot suppress the speed vibration of the generator in the drivetrain system by adjusting the
pitch angle. In this paper, a generator speed control system based on the three degrees of freedom
internal model control (3-DOF-IMC) is established to control the generator speed. Thus, a scheme of
using the feedback filter in the 3-DOF-IMC to suppress generator speed vibration caused by drivetrain
shaft elasticity and gear clearance in the drivetrain system is proposed. Firstly, the vibration problem
and waveform of the two-mass wind power drivetrain systems are discussed, and the generator’s
vector control and speed control systems are analyzed. Secondly, the principle of the 3-DOF-IMC
is described, and the influence of the three controllers on the speed tracking performance and anti-
interference performance of the generator is discussed. The suppression ability of the feedback filter
for different forms of disturbance signals is emphasized. Finally, the feedback filter controls the
generator speed and eliminates the influence of drivetrain vibration on the generator speed. To verify
the superiority of the proposed method, the vibration suppression effect, tracking performance and
anti-interference performance of the proposed method are compared with the engineering design
method (EDM) and conventional IMC (1-DOF-IMC) method. When the parameter &/ = 0.66, the
generator speed amplitude overshoot of the proposed method is the same as the EDM. Whena/B =1,
it is only 4% of the amplitude overshoot of the EDM. In addition, the tracking performance and
anti-interference performance of the proposed method can be adjusted independently, and it is better
than the EDM and the 1-DOF-IMC method.

Keywords: wind power system; three degrees of freedom internal model control (3-DOF-IMC);
generator speed control; anti-interference

1. Introduction

The wind turbine, gearbox, generator, and drivetrain shaft constitute the wind power
drivetrain system. The essence of vibration in the wind drivetrain system is caused by
the torque difference between the wind turbine’s pneumatic torque and the generator’s
electromagnetic torque [1]. The main method for suppressing the vibration of the wind
drivetrain system is reducing the torque difference by adjusting the pitch angle of the wind
turbine or by controlling the electromagnetic torque of the generator.

There are two specific suppression methods. In the first method, a mechanical drive-
train system based on the wind power system adjusts the aerodynamic torque of the wind
turbine through variable pitch control. In the second method, the generator is controlled by
adjusting its electromagnetic torque. The vibration frequency caused by the elasticity of the
drivetrain shaft is relatively low in the wind mechanical drivetrain system. The pitch-speed
closed loop of the wind power system can be used to suppress the speed vibration of the
generator. However, the vibration frequency caused by gear clearance is still high [2,3], and
the variable pitch actuator cannot keep up with the rapid changes imposed by the variable
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pitch control. Therefore, the torque-speed closed loop of the wind power system can be
used to control the generator torque and eliminate its speed vibration [4].

The existing research on the vibration and suppression of wind power systems is
usually focused on the drivetrain system. For example, the mathematical model of the
wind mechanical drivetrain system was discussed in [5]. The authors established the
mathematical model of the wind drivetrain for different mass blocks according to the
equivalent mass block method. Combined with a doubly fed generator, the influence of the
drivetrain parameters on the transient characteristics and stability of wind turbines was also
researched. In Ref. [6], the authors analyzed the influence of wind drivetrain oscillations on
the life and stability of drivetrain shafting for the doubly fed wind generator. Moreover, it
was pointed out that increasing the electrical damping could effectively suppress shafting
oscillation. The authors concluded that the amplitude of the shafting oscillation could be
suppressed by increasing the electrical stiffness.

The equivalent mass block method was adopted in [7] to establish the equivalent
model of the three-mass wind power system. The influence of the blade-to-hub ratio on
the transient stability of a large wind turbine was analyzed. The results showed that blade
stiffness parameters and the blade-to-hub inertia ratio significantly impact the transient
stability of a wind power system. Three equivalent drivetrain system models of the
wind power system were established in [8]. According to the obtained results, when the
drivetrain shaft is disturbed, the wind drivetrain system produces a large torque, resulting
in torsional vibration between the parts of the drivetrain shaft system.

The vibration of the wind power system originates from various sources, such as the
blades, gearbox clearance, and generator vibration due to bearing failure [9]. The authors
investigated the negative effect of gear clearance vibration on the performance of wind
power systems. In addition, an effective method of controlling the vibration of the wind
power system was also explored.

The drivetrain vibration of the wind power system can easily cause blade damage [10].
Hence, in [10], the control strategy was introduced to suppress wind drivetrain vibration,
and a damping controller for the blade vibration of the wind drivetrain was designed.

Reference [11] studied the mechanism of the wind power drivetrain torsional vibration,
and the impact rules of different parameters on the damping of torsional vibration in the
drivetrain were investigated in detail. In Ref. [12], the wind speed, turbine, shaft system and
generator were modeled, respectively, and grid disturbances on the shafting oscillation were
verified. Reference [13] focused on wind turbine drivetrains and reviewed the vibration
and noise from a systematic perspective of “generation-analysis-reduction”. Reference [14]
revealed the essential vibration characteristics, and a dynamic model of the drivetrain of the
doubly fed wind turbine was established by adopting the lumped parameter method; the
torsional vibrations of the generator, gears and wind wheel were considered. In Ref. [15],
the coupled dynamic model of the translation torsion of the main drive system of a wind
turbine was built by the lumped parameter method, then the time-varying meshing stiffness
of each gear pair was simulated by Fourier series and by considering the internal excitations
caused by bearing support stiffness, torsional shaft stiffness, and the external excitation
caused by the time-varying wind speed.

According to the characteristics of the multi-frequency and time-varying coupling of
the tower vibration of a large-scale wind turbine, in [16], a parallel adaptive notch filter
based on driven knowledge was proposed to track the multi-frequency of the tower vibra-
tion online and to eliminate the influence of the vibration components of each frequency.
Reference [17] summarized the research results of the related vibration control methods and
vibration-reduction devices, and forecasted the research trend of tower vibration control in
the future. Reference [18] revealed the influence of the wind farm type and the operating
conditions of the shaft system of the synchronous generator set, and the mechanism of
torsional vibration. Reference [19] comprehensively reviewed the latest progress and new
trends of wind power drivetrain vibration control and summarized the research on drive-
train vibration control before 2020. According to the conducted literature review, it can be
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concluded that most of the relevant research has investigated the mechanical drivetrain
system and tower of the wind power system. Lastly, it can also be concluded that the
stability and vibration of the drivetrain system significantly affect the performance of the
wind power system.

The pitch control actuator cannot respond to a rapid change in the controller due to
the high-frequency vibration caused by the gear clearance of the wind drivetrain system.
Moreover, when the wind power system operates in the maximum wind energy tracking
area, the wind power system adopts a fixed pitch control. Consequently, the vibration of
the wind drivetrain system cannot be suppressed by adjusting the pitch angle.

Hence, the generator’s electromagnetic torque or speed vibration can be eliminated by
controlling the generator. Drivetrain and generator vibration is reflected in the vibration
of the output speed or generator torque. Therefore, suppressing the vibration of the wind
power system can be achieved by controlling the generator’s output speed.

The doubly fed generator is a nonlinear, strongly coupled, multivariable high-order
system controlled by either a vector control or direct torque control. After vector trans-
formation, the doubly fed generator needs to be decoupled due to the cross-coupling
problem [20,21]. The doubly fed generator requires excellent tracking and anti-interference
performance. Moreover, it is beneficial if the abovementioned performances can be adjusted
independently. In addition, the mechanical resonance caused by drivetrain shaft elasticity
and gear clearance exists in the drivetrain system. Resonance increases the difficulty of an
accurate mathematical description of the controlled object, resulting in model uncertainty
in the wind power system. This model uncertainty is caused by mechanical resonance
and is often described by multiplicative perturbation [22]. Therefore, it is necessary to
establish a control method that can independently adjust the generator’s tracking and
anti-interference performance. Furthermore, the method should also be characterized by a
robust performance regarding the model uncertainty caused by mechanical resonance. In
other words, the three degrees of freedom internal model control (3-DOF-IMC) method can
be used to solve the above problems.

In this paper, the vibration suppression problem of the wind drivetrain system is
briefly explained, the vibration principle and suppression method are analyzed, and the ex-
isting problems are discussed. Secondly, the mathematical model of a doubly fed generator
is analyzed, the decoupling method of the generator’s cross-coupling current is provided,
and the design method of current and speed loops is discussed. Finally, the 3-DOF-IMC
principle [23] is analyzed, and the tracking and anti-interference performances of generator
speed based on the 3-DOF-IMC are discussed. Moreover, the uncertainty of the controlled
object caused by the mechanical resonance is analyzed, and the filter’s performance re-
garding the robust control and uncertain suppression is discussed. Finally, the simulation
method is employed to demonstrate the effectiveness of the abovementioned methods.

2. Vibration Suppression and Existing Problems of a Wind-Powered Mechanical
Drivetrain System

The wind turbine, gearbox, and generator are the three most fundamental components
of the wind drivetrain, and the gearbox contains multiple gears and clearances. According
to different research purposes, different mass block models can be established for the
drivetrain. The centralized mass block (one mass) model is too simple to accurately reflect
the actual dynamic performance of the drivetrain. Although the three-mass model is more
accurate but complex, the mathematical model is not convenient to transform. To highlight
the influence of the application of a novel control strategy for suppressing drivetrain
vibration with clearance, a typical two-mass model was selected as the research object
for the wind drivetrain analysis. The reasons are as follows: (1) the multi-mass system
containing M mass blocks is composed of M-1 two-mass systems, with the two-mass system
serving as the basis. (2) The research conclusions of the two-mass system can be extended
to the multi-mass system. When using the two-mass model, it is necessary to carry out
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the necessary gearbox equivalence and conversion of the gearbox’s rotational inertia and
elastic coefficient.

In addition, the wind turbine’s PID control cannot suppress the vibration resulting
from gear clearance. Therefore, the electromagnetic torque or speed of the wind generator
can be controlled by the torque-speed closed loop to eliminate the wind drivetrain vibration
with clearance.

2.1. Composition and Model of Two-Mass Wind-Powered Mechanical Drivetrain System

Figure 1 depicts a schematic diagram of the wind drivetrain system composition
for a doubly fed wind-powered system [24]. The doubly fed generator is connected to
the drivetrain system via a high-speed shaft. Thus, the drivetrain system’s performance
affects the generator’s output performance. In addition, the generator is connected to the
grid through the transformer, while the generator’s electrical control system controls the
converter that regulates the electromagnetic torque and speed of the generator. A doubly fed
wind generator is one of the core components of the wind-powered system. The vibration
of the drivetrain system causes uncertainty in the generator model, which increases the
controlling difficulty of the electric drivetrain system.

Paddle
Pitch-regulated

Gearbox  High-speed shaft
device

Generator

=] =

i
Low-speed shaft Generator control
system

Figure 1. A schematic diagram of the wind power system.

The gearbox in Figure 1 is regarded as an equivalent gear. The mass of the driving
gear is converted to the wind turbine side, and the mass of the driven gear is converted
to the generator side. The gear clearance influence of the three-stage gear system in the
gearbox is represented by an equivalent total clearance to ensure that a two-mass drivetrain
model with gear clearance can be obtained (Figure 2).

HPHH A e

Tw Wy Te Wk

Figure 2. A schematic diagram of the mechanical structure of the two-mass wind drivetrain.

In Figure 2, Tyy is the driving torque of the wind turbine, T is the rotational torque of
the generator, T, is the load resistance torque, wy is the wind turbine rotation speed, wr is
the generator rotation speed, [ is the equivalent moment of inertia of the wind turbine
mass block (including the converted value of the rotational inertia of the driving gear), Jr
is the equivalent moment of inertia of the generator mass block (including the converted
value of the rotational inertia of the driven gear), and K is the equivalent elastic coefficient
of the wind drivetrain that includes the converted elastic coefficient of the gearbox. Lastly,
the clearance module N represents the total equivalent clearance of the gearbox.
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2.2. Mathematical Model of the Two-Mass Wind Turbine Drivetrain

The gear clearance is not considered in Figure 2. First, Equation (1) can be obtained.
Then, the Laplace transform of Equation (1) is used to obtain Equation (2):

Tw—Tr = ]Wd%w
T = Kf(ww — w}:)df, 1

Ty —To :]F%

Jwwws = Tw — Tk
Tr = & (ww — wy). 2)
Jrwgs = Tg — 11,

After obtaining the transfer function structure diagram of the wind drivetrain, the non-
linear clearance unit N is added according to Equation (2). The transfer function structure
diagram of the two-mass wind drivetrain with gear clearance is shown in Figure 3a. The in-
put/output characteristics of gear clearance are depicted in Figure 3b, and the mathematical
model is shown in Equation (3).

k(v—1b); % >0
g=1 k(v+b);% <0, €))
gmsgn(v); F=0

where the input is the position v of the equivalent driving gear, the output is the position g
of the driven gear, 2b is the total gear clearance, and K is the characteristic slope.
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Figure 3. The transfer function structure diagram of the two-mass wind drivetrain with clearance:
(a) the transfer function structure diagram of the two-mass wind drivetrain with clearance; (b) non-
linear characteristics of gear clearance.

2.3. Wind Drivetrain Vibration Analysis and Suppression

In the wind drivetrain system shown in Figure 1, the elasticity of the drive shaft
and gear clearance of the gearbox causes the vibration of the drivetrain system and the
electromagnetic torque or speed of the generator.

2.3.1. Elastic Vibration Analysis of a Two-Mass Wind Drivetrain

The generator speed for the rotational torque Ty is ww. Thus, Equation (4) can be

obtained as follows:
WwW K

Tw  Jwles® + (Jw + Jp)Ks’
According to Equation (4), a resonant point in the drivetrain [25] indicates that vibra-
tion exists, and the resonant frequency is wy = 4/ %K In Equation (4), the parameter in

(4)
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Table 1 [5] is substituted to obtain the resonant frequency as w; = 0.863 (%) , which is a
relatively low vibration frequency.

Table 1. Parameters of the experimental simulation.

No Parameter Value
1 Jw (kg-m?) 2.6
2 Jr (kg-m?) 0.776
3 K (n-m/rad) 0.452
4 2b (rad) 0.4

2.3.2. Vibration Analysis of Gear Clearance for a Two-Mass Wind Drivetrain

The system output of the same parameters without clearance is subtracted from the
output of the two-mass wind drivetrain transfer function based on Figure 3a. Thus, an ex-
perimental system capable of verifying clearance vibration is created, as shown in Figure 4a.
The speed deviation Awr between the two output speed waveforms, which represent the
vibration generated by the nonlinear gear clearance unit, is shown in Figure 4b.

[ Amr\

Ao, (rad/s)

0 50 ) 100 150

(b)

Figure 4. Experimental verification of the clearance vibration and vibration waveform: (a) experi-
mental verification of the clearance vibration; (b) speed deviation waveform caused by clearance.
* means the reference value.

2.4. Vibration Suppression Strategy

The vibration frequency caused by the elasticity of the drivetrain shaft is relatively
low. As such, it can be suppressed by the wind turbine’s PID speed closed-loop control
and the variable pitch of the wind power system. The speed wave of the generator after
suppression is denoted as Awp;, as shown in Figure 5a. However, the wind turbine’s PID
control cannot suppress the vibration resulting from gear clearance Awpgp, as shown in
Figure 5b. Furthermore, the vibration frequency caused by gear clearance is relatively
high [2,3,26]. If variable pitch control is employed, then the variable pitch actuator cannot
follow the controller’s signal to change rapidly. Therefore, the electromagnetic torque or
speed of the wind generator can be controlled by the torque-speed closed loop to eliminate
the wind drivetrain vibration.
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Figure 5. Vibration and suppression of the two-mass wind drivetrain with clearance: (a) vibration
and elasticity suppression; (b) vibration of the gear clearance.

3. Velocity Vector Control of a Doubly Fed Wind Generator

A doubly fed induction generator (DFIG) is a nonlinear multivariable system with a
high order and strong coupling. The conventional control method is not only complicated
but also ineffective. Vector control can simplify the control method and obtain the same
control effect as a DC motor in some aspects. At present, the research on vector control in
an AC motor has made a lot of achievements and has been widely used in production, but
the application of vector control technology in a generator is still in the research stage [24].
The vector control of an AC motor mainly adopts the rotor flux orientation, and the vector
control of a DFIG adopts the stator flux orientation.

3.1. The Mathematical Model of a Doubly Fed Wind Generator Vector Control Based on the Stator
Flux Orientation

A doubly fed generator usually adopts a vector control method to achieve the torque
component of the current and excitation component decoupling control of a doubly fed
generator. An asynchronous rotating d—4 coordinate system model based on the stator
flux orientation can be used while assuming a negligible effect of the doubly fed generator
stator resistance. Under this condition, the voltage and current of a doubly fed generator
can be derived as follows:

Uqq Rs+pLs —wsLs PLm —wsLm iq
Uql wgLg Rs + pLs wsLy, PLm iql
ugp| | PLm  —Dwilm Re4pLe —Awily | |igy|’ ®)
Ug2 Aw;Ly pPLm AwrLy Ry + pL; iqz

where Aw; is the deviation of the angular frequency of a doubly fed generator, i.e.,
Aw, = ws — wy, ws is the rotating magnetic field that synchronizes the angular frequency,
and w, is the angular frequency of the rotor speed. The parameters R; and R, are the
stator and rotor resistances, respectively, and Ls, L;, and L, are the stator inductance,
rotor self-inductance, and mutual inductance between stator and rotors, respectively. The
parameters 41, Ug1, Ugo, and Uy are the d- and g- axis components of the stator and rotor
voltages; ij1, ig1, g0, ig2 are the d- and g-axis components of the stator and rotor currents;
Va1, Yq1, Yaz, Y2 are the d- and g-axis components of the stator and rotor flux; p is the
differentiation operator.
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After transformation, the state equation of the rotor voltage can finally be obtained
as follows:

2 I . .
Ugo(s) — LL—T%Z (Ry + 0Ly8)iga(s) — AwroLyig(s)

, (6)

2 . . .
Uq2 (s) — Awr%:lml = (Re + O'Lrs)lq2 (s) + AwroLyigy(s)

where ¢ is the total magnetic leakage coefficient equal to o = 1 — L2,/ LsL,, and i,,; is the
stator excitation current.

In Equation (6), the second term on the left of the equal sign of the two equations is
the constant related to the stator flux that can be regarded as a disturbance of the system
and is compensated by the controller. The compensations terms added to the controller are
% dé”t” and Aa)r%iml. The dynamic structure of the wind generator’s rotor current after
the disturbance term is offset by the controller’s compensation as shown in Figure 6.

DFIG Rotor Model

Upp | ! iy
+ oL s+R,
+
Aw,ol,
Cross

Awol, coupling
U | 4 X 1

O'LrS + Rr - iq2

Figure 6. Dynamic structure diagram of DFIG in synchronous rotation d—q coordinate system.

A cross-coupling term between the d-axis and g-axis components of the rotor current
in the generator can be seen in Figure 6. This indicates that the two components cannot be
independently adjusted and affects the electromagnetic torque and speed performance of
the generator. Hence, it is necessary to decouple the cross-coupling of the wind generator.

3.2. IMC Decoupling of Cross-Coupling Voltage of a Doubly Fed Wind Generator

The common decoupling methods of cross-coupled voltage include voltage feedfor-
ward decoupling, diagonal matrix decoupling, and voltage feedback decoupling. The
decoupling effect of the methods mentioned above depends on the accurate mathematical
model of the controlled object and the stability of the parameters. The IMC does not overly
depend on the accurate mathematical model of the controlled object. Moreover, the IMC
has few model accuracy requirements. Thus, it can be easily achieved in engineering. In
this section, the conventional IMC decoupling method is adopted. The structure diagram
that implements this decoupling control is shown in Figure 7.

(1) Theoretical analysis.

When the controlled object matches the forecast model, i.e., G(s) = G(s), the two com-
ponents of the rotor current are decoupled [20].
(2) Simulation experiments.

The following parameters of the wind generator required for simulation are obtained
from Table 7-3 in [24]. The rotor resistance R, = 0.1442 (), the rotor inductance L, =35.7 mH,
and the calculated parameters Aw;0L; = 0.35 (). The simulation model was built according
to Figure 7. The provided input value i3, jumped from0Ato5.1 Aatt=1s,and iy, from
0Atob5.1A att=15s. The following can be proven:
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(1) When the inductance and resistance parameters of the wind generator rotor increase,
decrease or remain constant in the same proportion, the cross-coupled voltage can
achieve full decoupling by the 1-DOF-IMC, and the corresponding decoupling effect
is good.

(2) When the wind generator’s rotor inductance and resistance parameters change in
different proportions and reverse directions, the cross-coupled voltage cannot achieve
full decoupling by the 1-DOF-IMC due to few adjustable parameters. However, the
cross-coupled voltage can achieve full decoupling by the 3-DOF-IMC. Limited by the
length of the paper, the corresponding discussion will not be carried out.

i;z +§

DFIG Rotor Model

lip

qu

-k
Iq2 +%

Figure 7. The block diagram of 1-DOF-IMC decoupling for DFIG. * means the reference value.

4. Design of Control System for a Doubly Fed Generator

The electric control system of a doubly fed wind generator usually adopts a speed and
current double closed-loop structure. The inner current loop is designed first, followed
by the outer speed loop. Generally, the inner current loop is designed as a “second-order
optimal system” of the EDM to improve its dynamic performance. The 3-DOF-IMC method
is used to design various controllers for the speed loop that represent the performance
of the speed-regulating system. Thus, the speed loop’s tracking, anti-interference, and
robustness performances can be flexibly adjusted.

In addition, the EDM is also used to design the speed loop, and it is compared with
the system designed by the 3-DOF-IMC.

4.1. Design of the Rotor’s Current Control System for a Doubly Fed Generator

According to the rotor’s current control block diagram shown in Figure 7, the d- and
g-axis channels of the inner current loop are completely independent after decoupling and
have the same structure. Therefore, the two current controllers are the same, and only
a single controller needs to be designed. The simplified dynamic structure of the rotor
current loop of a doubly fed generator is shown in Figure 8. Equation (7) represents the
current feedback filtering unit, § is the current feedback coefficient, and T,; is the filtering
time constant. Usually, a filter unit is also added to a given part of the current.

Wi(s) = L, )
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o () By [Kis+) PIR, fal)
e (Tys+1)(oL,s/ R, +1)

Figure 8. Simplified dynamic structure of the rotor’s current loop of the DFIG. * means the refer-
ence value.

The current loop is designed according to the “second-order optimal system” method,
and the obtained current controller ACR is a PI controller:
Ts+1

Wacr(s) = ki——- ®8)

The transfer function of the current loop is approximated to an inertial unit with a
small time constant via the closed-loop control of the rotor current:

1

Wia(s) ~ ——b—. 9

1c1( ) 2Tois + 1 )

An important function of inner current loop control is transforming the controlled
object and accelerating the current tracking.

4.2. Design of Rotor Speed Control System for a Doubly Fed Generator

The reactive power control channel usually adopts a single closed-loop control to
ensure that the wind generator captures the maximum wind energy. This is achieved by
controlling the current of the d-axis of the rotor within the d—g coordinate system of the
synchronous rotation of two phases. The speed control channel adopts a double closed-
loop control. The inner loop is the current loop of the doubly fed generator rotor, which is
achieved by controlling the current of the g-axis of the rotor. The outer loop is the generator
speed loop. The block diagram of a doubly fed generator’s complete rotor electrical control
system is shown in Figure 9.

ox . &_ﬁ‘)r
i, - 1 g J.
" >
5 oL s+R, T
= L
+T Te
3 L
o, ) Pm :V’s
. - 1 A
o8 2
ntrol |l Pl > >
—>(+ g)—> Controller > oLs+R "

Figure 9. Complete block diagram of the rotor control system of a DFIG. * means the reference value.

(1) The controlled object of the speed loop

The simplified rotor inner current loop, i.e., Equation (9), is substituted into Figure 9.
After further simplification, the dynamic structure diagram of the speed loop is shown
in Figure 10.
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q2 PmKW/ﬂ - a)r
32T s+1) [ ¥

Figure 10. Simplified structure of a speed-loop-controlled object. * means the reference value.
The declaring constants can be expressed as follows:

- 3PmLmlps
ky = - 2Ly &9
where Jp is the generator’s moment of inertia and pj, is the pole number of a doubly
fed generator.

The output speed of the wind generator requires good tracking and anti-interference
performances; it is also robust to the changes in system parameters. Most of the speed
controllers designed by the EDM are PI controllers, making it difficult to simultaneously
obtain good tracking and anti-interference performance. In this paper, a 3-DOF-IMC
method is used to design the speed loop, and three controllers are used to adjust the
tracking performance, anti-interference performance, and robustness of the speed loop.

5. The Principle of a 3-DOF-IMC

(1) Decoupling effect: In the early stage, the 3-DOF-IMC was mainly used for the decou-
pling of a multivariable process control system, and in the late 1990s, it was applied
to the decoupling of a motor model [27]. With the development of power electronics
and power grid technology, the method of IMC decoupling has also penetrated into
this field. For example, the cross-coupling problem of active and reactive power is
solved in the PWM rectifier. Active and reactive currents are decoupled in flexible
DC transmission systems, stationary synchronous series compensators and voltage
source converters. The IMC decoupling method also has many application uses in a
wind power generation system. The principle of the conventional IMC (1-DOF-IMC)
decoupling is discussed in the reference, and the methods of the 2-DOF-IMC and
3-DOF-IMC decoupling and their applications in DFIG vector control are presented.

(2) The multiple degrees of freedom IMC is used to achieve the independent regulation
of multiple performance indexes of the control system.

The performance index of the control system includes tracking performance, anti-
interference performance and robustness performance. The controller designed by the 1-
DOF-IMC is difficult to achieve excellent tracking performance and anti-interference perfor-
mance at the same time, which cannot meet the control requirements of a high-performance
system. The 2-DOF-IMC can adjust the tracking performance and anti-interference perfor-
mance of the system, respectively, and can mainly control the anti-interference performance
of the system. However, when 2-DOF-IMC controllers are used to regulate the tracking
performance and anti-interference performance, respectively, then the feedforward IMC
controller needs to take both the anti-interference and robustness into account. In the
3-DOF-IMC, the given filter regulates the tracking performance of the system, the feedfor-
ward IMC controller mainly regulates the anti-interference performance, and the feedback
filter regulates the robustness performance. From the research status, the 3-DOF-IMC is
mainly used in the control system performance index regulation and dynamic decoupling.
In addition to analyzing the tracking performance and anti-interference performance of the
3-DOF-IMC, this section also tries to use it to suppress the vibration of the drive train.
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5.1. The Structure of a 3-DOF-IMC
The structure diagram of a 3-DOF-IMC is shown in Figure 11 [23].

D(s)
u(s Y
9I6E)] : (s)

R(s)

CIIII\/IC (S) + C:IIMC (S)

u, (s)

Figure 11. Block diagram of a 3-DOC-IMC.

In Figure 11, Ch;c(s), Ch,(s), and Fy(s) constitute a 3-DOF-IMC F(s) that regulates
the system’s robustness, F¢(s), which is also known as a feedback filter. When F(s) = 1,
the system degenerates to a 2-DOF-IMC with Cl};~(s) = 1. Then, the system is reduced to
a 1-DOF-IMC. The following expression can be obtained according to Figure 11:

G(5)Cluc (5)Cluc ()R (5) [1 - F(s)G(s)Ct

D
Y(s) = - vc (5)] A(S) . (11)
1+ Clyc(9)F(s)[G(s) = G(s)] 1+ Ciyc(5)Fi(8)[G(s) = G(s)]
When the controlled object matches the forecast model, i.e., G(s) = G(s):
Y(s) = G(s)Cimc () Cimc (5)R(s) + [1 = Fi(s)G(5)Cipe ()1D(s). (12)
The 1-DOF-IMC method is used to design Cly,(s), where Ch;(s) = G='(s)L1(s),
and controller Cl,-(s) = ézg g is selected. Since the decoupled system is approximately a

first-order system, it is desirable that F(s) = gzﬂ In the above correlation formula, « and

P represent filter parameters of the filter F¢(s). The internal model of the controlled object
is G(s) = G4 (s)G_(s).

5.2. The Analysis of the Tracking Performance and Anti-Interference Performance of a 3-DOF-IMC

According to Equation (12), the following expression can be obtained:

Y(s) = G (s)La(s) - R(s) + [1 = F(s) G+ (s) L1 (s)] - D(s). (13)

The tracking and anti-interference performances of the system can be independently
adjusted by changing the parameters of L;(s), Lo(s), and F(s).

5.3. The Robustness Analysis of a 3-DOF-IMC

The mechanical vibration of the wind drivetrain system will cause uncertainty in the
generator model, which conforms to the multiplicative description of Equation (15) [22].

Usually, the controlled object containing uncertainty can be described in one of the
following two ways:

(1) Additive description:
G(s) = G(s) + AG(s) (14)
(2) Multiplicative description:
G(s) = G(s)[1+ W(s).A(s)] (15)
Equations (14) and (15) are equal to each other, thus obtaining the following equation:

AG(s) = G(s)W(s)A(s), (16)

where [|A(jw)|l, < 1 and W(s) is the weighting function that expresses the degree to
which the uncertainty of the controlled object depends on the frequency w.
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Y(s) =

The controlled object G(s) in Figure 11 is expressed in the form of Equation (15), and
its structure is transformed to obtain the equivalent structure in the dashed box, as shown
in Figure 12. In this section, the robustness of an IMC system is mainly discussed. Therefore,
only the influence of model uncertainty on the system characteristics is considered, while
the influence of disturbance D(s) on the system performance is temporarily neglected.

Chuc(s) g G(s)ﬁﬂ—>
“u (s : Y(S)
© S L oo —

F (s) * AG(s) ' 5

&i ||v|c (s)

Figure 12. The equivalent open-loop block diagram of a 3-DOF-IMC.

The following relationships can be obtained according to Figures 11 and 12:
u1(s) = Cimc (5)R(s), (17)

u(s) Cinc ()
”1(5) 1+CIMC( s)Fe(s)AG(s )

(18)

G(5)u(s) = G(5)Chac(5)n 5) = (5] = [6(6) + AGE)Chacle)in(s) = Cle)ChucEu®)
6(5)Chye (5)115) + AG(5) Clye (5)111(5) — G(5)Clyge (5)1(5)
ug(s) = Ex(s)AG(s).u(s) = Ex(s)AG(s) —uc(111(9) 20)

1+CIMc( s) f(S)AG<S).

Figure 11 can be equalized to Figure 12. Thus, the 3-DOF-IMC is an equivalent
open-loop system.

5.3.1. The Robustness Stability Analysis of the 3-DOF-IMC

According to the IMC requirements, the parameters Cji;(s) and G(s) are stable, as
shown in Figure 12. Therefore, the necessary and sufficient condition for the stability of
the open-loop control system shown in Figure 12 is that the local feedback unit P(s) in the
figure is stable. Furthermore, the necessary and sufficient conditions for P(s) stability can
be expressed as follows:

Hc%MC(s)Ff(s)Ac(s)Hm <1 (21)

Equation (16) can be substituted into Equation (22) to obtain:

|Chic ) EE)GEWE)AG) | <1 (22)

According to Figure 12 and Equation (22), the IMC system is an open-loop control.
The zero poles of Ci,~(s) and G(s) can exactly counteract to achieve the system output
tracking input given value. When uncertainty exists in the object model, the internal model
of the object is introduced as G(s). The model uncertainty is separated from the object
model. Then, the local feedback unit P(s) is used. The feedback unit compensates to
achieve robust control of the system.

The actual object may have a variety of structures. Regardless of the structure, the ro-
bust stability of the 3-DOF-IMC system is related to the feedback filter related to F¢(s). Due
to an import filter F¢(s), ||Clyc(s)Fe(s)AG(s) ||, is lower than ||Clyc(s)AG(s)||.. There-
fore, the degree of uncertainty ||[AG(s)||,, that the system will allow is higher than the
disturbance from the outer environment.
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5.3.2. The Robustness Performance Analysis of a 3-DOF-IMC

The system should be robust, stable, and characterized by good dynamic performance
in engineering. The system should completely overcome the influence of the model uncer-
tainty; hence, the following equation should be established according to Equation (19):

AG(5).Chye ().111(s) — G(s)-Chyc(5).1g(s) = 0. 23)
Substituting Equation (20) into Equation (23) yields:

1— F(s).Chyc(5).G(s)
1+ Clyc(s)-Fe(s).AG(s)

Chic (s):11(5)-AG(s) | ] =0. 4)

1-F(s) Clyc (5)-G(s)
14+Chyc(s)-Fi(s).AG(s)
tion S’s value reflects the system’s robust tracking performance. The smaller S is, the better
the robust tracking performance.

Similarly, regardless of the structure of the controlled object, the robustness of the
3-DOF-IMC system is also related to the feedback filter F(s), whose introduction decreases
the sensitivity S and improves the robustness of the system.

The sensitivity function S = is then defined. The sensitivity func-

6. The 3-DOF-IMC of Wind Generator Speed Loop

In this section, the MATLAB (2019b) simulation method is used to verify the tracking
performance, anti-interference performance and vibration suppression ability of the IMC to
control the DFIG. Compared with the system designed based on the EDM, the experiment
proves the superiority of the 3-DOF-IMC method.

The dynamic structure diagram of the generator speed loop based on the 3-DOF-IMC
is shown in Figure 13. The following parameters comprise Figure 13:

D<s)l_
R(s) + I P.K, !B + @ (8)
—*(Ciuc(s) "~ Civic(9)[T> J.s(2T s +1)
P.K, /5 =
J.s(2T,s+1)

Fs (s

Figure 13. Dynamic structure of the speed loop based on the 3-DOF-IMC. * means the reference value.

(1) The controlled object: G(s) = %

(2) Internal model controller C},;c(s) designed via the 1-DOF-IMC method:

CI _ G_l L _ ]FS(2T015+1) 2)\n1$+1 ' 25
mc(s) = G2 (s)La(s) Pk 7B (Ays £ 12 (25)

Ly(s) is introduced for the physical realization of the controller Cl-(s).

: : _ 2Apstl - .
(3) Internal model controller Ch;(s): If the filter Ly(s) = m is to be achieved, then

the expression of the C%II\AC (s) should be obtained according to Equation (26):

Amis +1 224 s+ 1
Cluc(s) = = (7 >

. 2
Ll(S) ()\; s +1 2An18 + 1 (26)
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(4) Filter Fy(s): F(s) = "‘iﬂ . The system output can be obtained according to Equation (13):

=)

Y(s) +(s)La(s) - R(s) + [1 = G4 (s)Fi(s) - Li(s)] - D(s)

¢ (27)
Ly(s) - R(s) 4 [1 = Fe(s) - La(s)] - D(s)

Since the controlled object contains no right-half plane zero, G (s) = 1.

6.1. The Tracking Performance of the Wind Generator Based on CI . (s)

(1) System simulation model

A 3-DOF-IMC simulation model of the wind generator speed loop is established
according to the structure in Figure 13.

(2) Simulation parameters

The parameters of the doubly fed wind generator used in the simulation are as follows:
the moment of inertia J is 0.776 kg-m?, the polar logarithm P, is 3, the constant Ky /3 is
0.388, and the filter time constant T,; = 0.001 s.

(3) Model of the controlled object and the controller

The mathematical model of the controlled object can be expressed as:

_ pmky/B 1.5 o
= Jes@Tws +1) 5000251 1) ) (28)

(4) Simulation waveform and conclusion

The given input is set to 40 x 1 (t), the load disturbance input is 5 x 1 (t—15),
and the 3-DOF-IMC is adopted. The ratio of a/ = 1 in the filter is kept constant, and
three parameters (a), (b), and (c) in Table 2 are selected to obtain the tracking performance
and anti-interference performance waveforms of the generator output speed, as shown
in Figure 14a—c.

Table 2. Selection schemes and conclusions for the three parameters in Figure 14.

No. Ani An2

(@) 0.01 0.5
(b) 0.01 12
© 0.01 2

When the parameter Ay is The tracking performance is
constant, the anti-interference improved with a decrease in
performance is also constant parameter Ao

Conclusion

50 T ; S0F f f f f 50
The tracking i~
e TN
=~ performance e AT
40 40 \\ — - 40 / —
N L Anti-interference L -
i e . performance / N Anti-interference
—_ \, perigrmance \
Q 30 i %’ 30F v 0l ‘ 2 30 The tracking N fperformance
& : <] The tracking i i 3 performance i
= = s
S 20 ; S 20 performance i i E 5 : :
; | | S} |
i i i : :
10 S _\ 10 — i 10 ‘ !
Anti-interference ! ! i i
0 performance ok L ! i i
TR PR p—t—t—t g ===
0 5 0 15 235 30 0 5 10 15 20 25 30 h : o 5 5 3 0
tls t/s tls
(a) (b) ()

Figure 14. The output speed response curve of the system: (a) scheme (a); (b) scheme (b);
(c) scheme (c).
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The close-up of the anti-interference performance curve is shown in Figure 14. When
the parameter Ay is constant, the anti-interference performance is also constant, while the
tracking performance is improved with a decrease in the parameter App.

6.2. The Anti-Interference Performance of the Wind Generator Based on Cl,,(s)

Three parameter-selection schemes (a), (b), and (c) in Table 3 are taken for a/f =1
within the filter. It can be concluded that the waveform of scheme (a) is the same as that
shown in Figure 14b. The tracking performance and anti-interference waveforms of the
generator speed corresponding to schemes (b) and (c) are shown in Figure 15a,b.

Table 3. Selection schemes and conclusions for the three parameters in Figure 15.

No Anl /\nZ
(a) is the same as that of
- 0.01 1.2
Figure 14b
(b) 0.08 1.2
(©) 0.64 1.2
When the parameters Ay are An2 is unchanged; hence, the
Conclusion reduced, the anti-interference  tracking performance remains
performance is improved the same
2 50F
T P o~
40 /'/ N —— P ————————— N
\ L 40 o i
/ \ . Ant-interference \\ V
5 30 { The tracking ‘\\r performance 2 30 by i \ el
3 / performance " ! 2
& | =
= 20 ) ' =
S i : 20
! I
10 ) '
1 i 10
! I
0 e ——— )
1) e O A o R 8 RS SRR B IERERENS AR
0 S 10 15 20 25 30

tls 0 5 10 15 20 25 30

(a) (b)
Figure 15. Output speed response curve of the system: (a) scheme (b); (b) scheme (c).

The close-up of the anti-interference performance curve is shown in Figure 15. It can
be concluded that the anti-interference performance of the speed loop can be adjusted
by modifying the parameter A,;. The parameters are small, and the anti-interference
performance is good. When the parameter A, is constant, the tracking performance
is unchanged.

6.3. The Anti-Interference Performance of the Generator Based on the Feedback Filter Fs(s)

According to Y(s) = La(s) - R(s) + [1 — F¢(s) - L1(s)] - D(s), the parameter F(s)
can also adjust the anti-interference performance of the generator speed with respect to
the disturbance.

(1) Anti-interference performance analysis of generator speed against step disturbance
when parameters of Fy(s) are changed.

The provided input R(t) =40 x 1 (t) and the disturbance input D(t) = —5 x 1(t — 20)
are set, and a 3-DOF-IMC is adopted.

1) Two schemes (a) and (b) in Table 4 are employed to obtain the tracking per-
formance and anti-interference performance waveforms of generator speed,
as shown in Figure 16a,b. The close-up of the disturbance point waveform is
indicated within the figure.
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2) According to the anti-interference performance analysis, it can be concluded
that the tracking performance of the speed loop is the same when the parameter
An2 is unchanged. For the same parameter A, 1, the maximum dynamic descent
of the anti-interference performance remains constant. The recovery time
varies with the value of o/ . The closer the value of «/B is to 1, the better the
anti-interference performance.
(2) Analysis of the anti-interference performance of generator speed to periodic distur-
bance signal when F(s) is changed.

The following inputs are employed: R(f) = 40*1 (t), and a load disturbance input in a
periodic sine wave signal equal to D(t) = 8sinwt. Lastly, a 3-DOF-IMC is also employed.

@D Two schemes (a) and (b) in Table 5 are considered to obtain the anti-interference
performance waveforms of the generator speed to periodic disturbance signals,
as shown in Figure 17a,b.

2) Anti-interference performance analysis: It can be concluded that different a/
values of the filter can affect the disturbance suppression ability of periodic
disturbance signal. The closer the value of «/f is to 1, the stronger the ability
of the system to suppress periodic disturbances.

Table 4. Two-step disturbance schemes and corresponding conclusions.

No Tracking Performance Anti-Interference Performance
An2 An1 o ﬁ

(@) 1.2 0.08 la=p=1)
(b) 12 0.08 05(@w=05p=1)

A is unchaneed. trackin Ap1 is unchanged, the maximum The recovery time of

Conclusion n2 gec, & dynamic descent of anti-interference anti-interference performance
performance is unchanged . . .
performance is unchanged varies with the value of &/

Table 5. Two schemes and conclusions of periodic perturbation with sine wave signal.

N Tracking Performance Anti-Interference Performance
o
An2 Ani o/B
(@) 0.5 0.08 02 (x=02B8=1)
(b) 0.5 0.08 T(=1,8=1)
. When the value of /8 is close to 1, periodic disturbance suppression is
conclusion .
improved.
50 50F
N N\
A\ N gt
40 \ - 40+ i DO 0 500 AT IO . o AL SOV TIRAS W [ S SV s
\ —1\ { }\\
. The tracking ‘r\ ______ a0 The tracking \
30 performance ! 2 & performance 4 e e AT
> : 1 % : 1
e | =]
T 20 1 i g2 : i
\é/‘ : 1 S 1 !
10 i ! 10 i !
| 1
bmmimmm e e
0 Anti-interference ot Anti-interference
performance S-SR 00t e gt v s 4 performance
0 10 20 30 40 0 10 20 30 40
tis tis
(@) (b)

Figure 16. The output speed response curve of the generator when F(s) is changed: (a) scheme (a);
(b) scheme (b).
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Figure 17. Output speed curve when the value of F¢(s) changes: (a) scheme (a); (b) scheme (b).

6.4. Suppression of Drivetrain Vibration by Generator Speed Control Based on 3-DOF-IMC

Wind generator speed control based on the 3-DOF-IMC can suppress periodic dis-
turbances, as demonstrated in Section 6.3. Moreover, generator speed vibration can be
suppressed by adjusting the parameters of the filter F(s). According to the analysis in
Sections 2.3 and 2.4, the vibration waveform of the generator in the wind mechanical
drivetrain system is also periodic. Therefore, the influence of the drivetrain vibration on
the generator speed fluctuation can be eliminated by a 3-DOF-IMC of the wind generator.

Experimental Analysis of Drivetrain Vibration Suppression Based on the 3-DOF-IMC
of Generator

The experimental simulation model of suppressing drivetrain vibration based on the
3-DOF-IMC is shown in Figure 18.

Te
. - N 1 -]
OF |+ o 5 Tw 1 |ow + ﬁ Wpy |
QP Jus| | +3= s [Tt Jes
Ow Scope

Vibratipn

EE A LTCREY, SR —"
Scope
K,/ B
J.s(2T,s+1)

F (S)
>

Figure 18. Experimental simulation model of drivetrain vibration suppression based on the 3-DOF-
IMC of generator. * means the reference value.

Parameters of the two-mass drivetrain are taken from Table 3 in [5]. The 3-DOF-IMC
generator parameters are described in this section. Furthermore, the effect of the F(s)
parameters on the system is discussed.

(1) Analysis of the suppression of generator speed vibration for a variable F¢(s) and
constant ¢ = p ratio.
The input is set to R(t) =40x1 (t) and the 3-DOF-IMC is adopted.
Two schemes (a) and (b) in Table 6 are taken to obtain the anti-interference perfor-
mance waveforms of the generator speed to drivetrain vibration signals, as shown in
Figure 19a,b. In the table, A7 =0.08, A, =0.5, and /B = 1. However, the values of
« or B are different. The vibration waveform of the two-mass drivetrain is shown in
Figure 19a. The generator speed waveform with drivetrain vibration input signal is
shown in Figure 19b.
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1 According to the anti-interference performance analysis, it can be concluded
that the optimal anti-interference performance of the drivetrain is obtained
for the value of a/f equal to 1. Here, the output speed of the generator is not
characterized by vibration.

(2)  Analysis of the suppression of generator speed vibration for a varying F(s) parameter
with respect to o # .

€)) Two schemes (a) and (b) in Table 7 are taken to obtain the anti-interference
performance waveforms of the generator speed to drivetrain vibration signals,
as shown in Figure 20a,b. In the table, A = 0.08, App = 0.5, and the a/p values
are mutually different. The vibration waveform of the two-mass drivetrain
remains constant, as shown in Figure 19a. The generator speed waveform with
the drivetrain vibration signal is shown in Figure 20a,b.

According to the anti-interference performance analysis, it can be concluded that the
disturbance suppression ability of F¢(s) of the periodic disturbance signal differs when
« # B. The closer the value of «/f is to 1, the stronger the ability of the system to suppress
periodic disturbances.

(3) Analysis of generator speed vibration for the constant &/ ratio and modified values
of x and B.

1 Three schemes (a), (b), and (c) in Table 8 are considered to obtain the anti-
interference performance waveforms of the generator speed to the drivetrain
vibration signals, as shown in Figure 21a—c. The value of a/ B is different for
An1 =0.08 and Ajp = 0.5 in the table. However, the specific values of « and
are also different. The vibration waveform of the two-mass drivetrain remains
constant. The waveform of the generator speed interference of the periodic
vibration of the drivetrain is shown in Figure 21a—c.

Table 6. Two schemes and conclusions of periodic perturbation.

No Tracking Performance Anti-Interference Performance
An2 Ant o/ ﬁ
(@) 0.5 0.08 1(a=05,p=0.5)
(b) 0.5 0.08 1a=1,6=1)
Conclusion The value of /B is equal to 1, and good suppression of periodic disturbance

is observed. The outputs of schemes (a) and (b) are the same.

Table 7. Two schemes and conclusions of periodic vibration of drivetrain.

No Tracking Performance Anti-Interference Performance
An2 Ani «lB
(a) 0.5 0.08 02(@=02p8=1)
(b) 0.5 0.08 08(«=08,8=1)
Conclusion The closer the value of «/f is to 1, the better the suppression performance of

the periodic disturbance.
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Table 8. Two schemes of periodic perturbation of drivetrain vibration with corresponding conclusions.

No. Tracking Performance Anti-Interference Performance
An2 Ani a/p
(@) 0.5 0.08 03(=03,8=1)
(b) 0.5 0.08 03(x=012,=04)
(0) 0.5 0.08 0.3 (x=0.03,3=0.1)
Conclusion Different values of «/ are characterized by different performance in

suppressing periodic disturbances

50

JANAAAAAANAANAAN i\
= |[\[VVVVVVVVVVVL /

t's 0 20 40 ) 60 80 10€
(a) (b)

Figure 19. The output speed curve of the system for a variable F;(s): (a) two-mass drivetrain system
vibration waveform; (b) generator speed curve. The yellow line is the reference value line.
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Figure 20. Output speed curve of the generator for varying F(s) parameters: (a) scheme (a);
(b) scheme (b). The blue line is the reference value line.
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Figure 21. Output speed curve of the generator for variable Fi(s): (a) t scheme (a); (b) scheme (b);
(c) scheme (c). The blue line is the reference value line.
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According to the vibration suppression analysis, it can be concluded that different
values of « and f have different effects on the suppression of generator speed vibration
when «/ = 0.3. The smaller the values of « and B, the smaller the speed vibration is, and
the stronger the periodic disturbance suppression ability. This is because the smaller the
values of « and p are, the smaller the influence of S in the transfer function F(s) is, i.e., it is
closer to 1.

6.5. The Vibration Suppression Ability Comparison of the 3-DOF-IMC and the EDM

(1) Experimental scheme: The experimental scheme of the generator speed control is
shown in Figure 22, and the drivetrain parameters are from Table 1. The speed
detection and speed given signal have filtering parts.

The dashed box in Figure 22 is the speed loop, which is generally designed by the
EDM, and the transfer function of the speed regulator ASR is chosen as

s+ 1
TnS

Wasr(s) = kn (29)

where: Kj, is the proportional gain of the speed controller; T, is the integration time constant
of the speed controller.

By substituting Equation (10) into Figure 22, the small time constants T,, and 2T,; are
combined and approximated into an inertial part with a time constant Ty, = T, + 2T,;, so
as to obtain the integral time constant of the speed controller

Tn = hTsp (30)
Gain coefficient of speed controller

]F,B ) h+1
apmky, 2hTsn

= (31)
where: « is the feedback coefficient of speed, using unit feedback; # is the intermediate
frequency bandwidth, which is generally set as & = 5 in engineering [28]. The generator
moment of inertia Jr and parameters Ky, /B have been defined previously.
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Figure 22. The experimental scheme of the generator speed control. * means the reference value.
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Experimental results and analysis: The generator’s speed waveform is shown in
Figure 23a, with parameters in scheme (a). Line 1 is the generator’s speed waveform
based on the 3-DOF-IMC; Line 2 is the speed waveform based on the EDM; Line 3 is the
reference speed waveform in the diagram. The generator’s speed waveforms of different
values of x/f are shown in Figure 23b,c. In the figure, the parameters of the PI controller
designed according to the EDM are shown in Equations (30) and (31), and its vibration
amplitude overshoot is 5%; however, different values of o/ are characterized by different
performances in suppressing periodic disturbances. With the increase in /8, the overshoot
of the vibration amplitude decreases. When «/p = 0.66, the amplitude overshoot of the
generator speed using the 3-DOF-IMC method is the same as the amplitude overshoot
using the EDM. When a/ = 0.82, the amplitude overshoot of the generator using the
3-DOF-IMC method is reduced to 50%. When «/f = 1, the amplitude overshoot of the
generator speed using the 3-DOF-IMC method is only 4% of the amplitude overshoot
of the EDM, which is also a unit feedback, and the vibration amplitude of the 3-DOF-
IMC method is greatly reduced. However, when the value of a/f is less than 0.66, the
vibration suppression effect of the EDM is better than that of the 3-DOF-IMC method. In
Table 9, the vibration suppression ability comparison of the 3-DOF-IMC and the EDM with
corresponding conclusions is shown.
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Figure 23. The vibration suppression ability comparison: parameters (a) scheme (a); (b) scheme (b);
(c) scheme (c).
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Table 9. The vibration suppression ability comparison of the 3-DOF-IMC and the EDM, with corre-
sponding conclusions.

No 3-DOF-IMC Engineering Design Method (EDM)
Amplitude . . Amplitude
olB Overshoot o Tn (Equation (30)) K, (Equation (31)) Overshoot
(a) 0.66 (x =0.66, f =1) 5%
(b) 0.82(x=0.82,=1) 2.5% 1 2 5%
(©) 1(a=1,8=1) 0.2%
Condlusion Different values of a/ B are characterized by different performance in suppressing

periodic disturbances

6.6. Generator’s Speed Tracking and Anti-Interference Performance Based on 3-DOF-IMC,

Compared with EDM

(1) Experimental scheme: The experimental scheme of the generator’s speed tracking
and anti-interference performance based on the EDM is obtained according to ref-
erence [28]. Based on the EDM, the controlled object’s mathematical model can be
expressed as Equation (32):

- meq, . 1.5
Gyls) = JeBs(Tens +1)  s(0.2s+1)’ (52)

Thus, the integral time of the speed controller is 7, = hTx,;, = 1; the gain coefficient of

the speed controller is kn = - ;;iﬂ : 2%21 =2

(2) Experimental results and analysis: The generator’s speed waveform is shown in
Figure 24. The solid Line-A in the figure is the generator’s output speed of the
tracking performance and the anti-interference performance based on the 3-DOF-IMC.
The dashed Line-B is the generator’s speed of the tracking performance and the
anti-interference performance based on the EDM. The tracking and anti-interference
performance controlled by the 3-DOF-IMC is better than that of the PI controller
designed by the EDM.

Sa=

Tracking and —"—/ e
10 anti-interference
performance

o, (rad/s)

0 5 10 15 20

Figure 24. Generator’s speed tracking and anti-interference performance comparison.

6.7. Generator’s Speed Tracking and Anti-Interference Performance Based on 3-DOF-IMC,

Compared with 1-DOF-IMC

(1) Experimental scheme: The experimental scheme of the generator’s speed tracking and
anti-interference performance based on the 1-DOF-IMC method is obtained according
to reference [28], the mathematical model of the controlled object can be expressed as
Equation (28).
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The 1-DOF-IMC of the generator is as follows:

_ 5(0.002s +1 1
Crvc—r(s) = GZ'(s)L(s) = ( G ). A1

(2) Experimental results and analysis: The generator’s speed waveform is shown in
Figure 25. The solid Line 1 in the figure is the tracking and anti-interference per-
formance when the parameter A is 0.4. The dashed Line 2 is the tracking and anti-
interference performance of the generator’s output speed when the parameter A is
1.6. It can be seen that when the parameter A is changed, the tracking and the anti-
interference performance of the generator’s speed change at the same time, which
cannot be adjusted independently. However, the tracking performance and anti-
interference performance controlled by the 3-DOF-IMC can be adjusted flexibly.

~

Trackjrg and

@
e
=
&
~ I .
™ anti-interference
. performance
Or
0 5 10 15 20 25
t/s

Figure 25. When the parameter A is changed, the tracking and anti-interference performance of the
generator’s speed based on 1-DOF-IMC.

7. Conclusions

In this paper, the method of the suppression of vibration was proposed to adjust
the aerodynamic torque of the wind turbine via variable pitch control and to control the
electromagnetic torque and speed of the generator in order to suppress its speed vibration.
Moreover, vector control and IMC were used for the doubly fed wind generator. A double
closed-loop control scheme of wind generator speed based on 3-DOF-IMC was proposed.
The following conclusions can be drawn:

The 3-DOF-IMC has three controllers with adjustable parameters and flexible adjust-
ments that can independently control the tracking performance, anti-interference perfor-
mance, and robustness performance of the wind generator speed loop.

The feedback filter has a suppression effect on the external periodic disturbance signal
and can be used to suppress the periodic disturbance from the drivetrain. Thus, the
influence of drivetrain vibration on the wind generator speed can be eliminated.

A 3-DOF-IMC plays an important role in decoupling the cross-coupling voltage of the
generator. When the controlled object and forecast model are matched, the wind generator
rotor resistance and inductance parameters are proportionally increased, reduced, or remain
constant, and the decoupling effect of the 1-DOF-IMC is good. However, when the wind
generator’s rotor inductance and resistance parameters increase, decrease, remain constant,
or change in reverse according to different proportions, the 1-DOF-IMC can hardly achieve
full decoupling due to a lower number of adjustable parameters. Full decoupling can be
achieved through multi-parameter coordination and by employing the 3-DOF-IMC. Further
work is needed in the future.
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