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ABSTRACT Considering the mutual coupling effect of wind turbine control parameters, an optimization
method of the control parameters for torque system based on drive chain active damping control is proposed,
which improves the control accuracy and solves the problem that the control objectives are difficult to
coordinate. Firstly, the mathematical model of the torque-speed system and the dynamical model of the
drive chain active damping control are established. At the same time, the initial value of active damping
gain is calculated according to the designed band-pass filter measurement results. Secondly, to facilitate the
setting of proportional-integral (PI) control parameters, the Routh method is adopted to identify the torque-
speed system with large inertia characteristic as a low-order inertia system. Subsequently, the Integrated
Time and Absolute Error (ITAE) criterion is used to set the initial value of the PI control parameters for the
torque system. Furthermore, the PI control parameters and active damping gains at each equilibrium point are
optimized based on the Hierarchic Genetic Algorithm, which improves the accuracy of control parameters.
At the same time, the control objectives are coordinated by optimizing weight allocation based on the Pareto.
Then the adaptive control method is constructed by fitting them with the wind speed to improve the control
accuracy far from the equilibrium points. Finally, the effectiveness of the proposed method is verified by
comparing the frequency-domain characteristic, control accuracy, twist vibration of the drive chain, tower
vibration and load.

INDEX TERMS Torque control, drive chain active damping control, system identification, control param-
eters optimization, hierarchic genetic algorithm.

I. INTRODUCTION

Nowadays, mature proportional-integral (PI) control is still
widely used in traditional torque control for wind turbines
to adjust the generator torque [1], [2], which has a simple
design structure, high stability, and can realize the rapid
adjustment of parameters. Compared with other new control
strategies that have not been widely applied in engineering,
the research on PI control will not stay at the theoretical
level and have broad application prospects in future practical
engineering. However, during the torque control action, the
difference between aerodynamic and electromagnetic torque

The associate editor coordinating the review of this manuscript and

approving it for publication was Huaqing Li

106482

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

leads to severe twist vibration of the drive chain, which will
further aggravate the side-side vibration and y-direction load
of the tower. Therefore, additional active damping control of
the drive chain is required [3], [4]. At the same time, the
problems of inaccurate control parameters and the difficulty
in coordinating control objectives need to be solved urgently
[5], [6]. From the above analysis, it is valuable and significant
to research the optimization method of torque system control
parameters based on drive chain active damping control.

In response to the above problems, scholars worldwide
have conducted excellent research on optimizing torque con-
trol parameters of wind turbines. On the one hand, the method
of setting PI control parameters of the torque system through
frequency-domain characteristic is still widely used. A setting
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method of the PI control parameters is proposed in [7], but
the influence of the accuracy of system identification on
the setting result is not considered. On the other hand, the
method of using active damping control to suppress the drive
chain twist vibration has attracted extensive attention. The
active damping control of the drive chain is added to the
traditional torque system. Since there is no explicit equation
calculation and optimization method for active damping gain,
the control effect of this method is not ideal [8], [9]. The
universality of the intelligent algorithm to optimize control
parameters has gradually become a hot research topic in
recent years. This method is based on an intelligent algorithm,
but the intercoupling effect of multiple control parameters
leads to control parameters inaccuracy and control objec-
tives difficult to coordinate [10], [11]. In addition, many
simulation results are required to calculate the weighting
relationships between multiple parameters according to an
orthogonal experiment method, which will seriously affect
the research efficiency [12]. In [13] and [14], the PI control
parameters are optimized based on the genetic and particle
swarm optimization algorithms. However, the poor popu-
lation diversity in the later stage of the genetic algorithm
influences the optimization results. Moreover, the insufficient
convergence of the particle swarm optimization algorithm
leads to the poor efficiency of the algorithm. In addition,
scholars worldwide have been widely concerned with adap-
tive control strategy in the last several years. However, the
variable gain control established has an error when switching
control parameters [15]. Moreover, the constant or discrete
drive chain active damping gain cannot always retain the
optimal control state [16].

In order to solve the above problems, considering the
mutual coupling of the wind turbine control parameters,
an optimization method of torque system control parameters
based on drive chain active damping control is proposed in
this paper, which improves the control accuracy and solves
the problem that the control objectives are difficult to coordi-
nate. Based on this, the main contributions of this paper can
be concluded as follows.

(1) The Hierarchic Genetic Algorithm (HGA) with multi-
ple subpopulations is proposed to optimize the control param-
eters of the wind turbine, which can effectively maintain
population diversity and overcome the problem of premature
convergence. Furthermore, the proposed method can also
improve the accuracy of control parameters.

(2) The Pareto method is proposed to coordinate wind
turbine control objectives by optimizing weight allocation,
which can reduce the load while improving the control
accuracy.

(3) The adaptive control method of control parameters is
proposed, which solves the problem that constant or discrete
control parameters cannot always maintain the best control
effect far from the equilibrium points.

The main advantages of the proposed method include the
following aspects. In the first aspect, the control parameter
optimization method based on the HGA can improve the
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accuracy of control parameters. In the second aspect, the
weight allocation optimization method based on the Pareto
can coordinate the control objectives. In the third aspect,
the proposed adaptive control method can improve the con-
trol accuracy far from the equilibrium points. However, the
disadvantage of the proposed method is poor applicability
under transient wind conditions. Therefore, real-time online
optimization is needed when extreme weather condition
occurs.

The rest of this paper is organized as follows. In section II,
the mathematical model of the torque-speed system and the
dynamical model of the drive chain active damping control
are established. Furthermore, the active damping gain initial
value is calculated. In section I11, the Routh method is adopted
to identify the torque-speed system as a low-order inertial
system, and the ITAE is used to set the initial values of
PI control parameters for the torque system. In section IV,
an optimization method of PI control parameters for torque
system and active damping gain based on Pareto and HGA
is proposed. Moreover, an adaptive control method far from
the equilibrium point is proposed. In section V, the proposed
method is verified by simulation results in the frequency
domain and time domain. In section VI, the conclusions and
future research directions are drawn.

Il. MATHEMATICAL MODEL OF TORQUE-SPEED SYSTEM
AND DYNAMIC MODEL OF DRIVE CHAIN ACTIVE
DAMPING CONTROL

The traditional PI control is widely used in the torque control
strategy of wind turbines. The net difference Aw between the
rated value w;qeq Of the generator speed and the measured
value wpeqsure 1S controlled by the torque system PI control
to output a rated generator torque T qz.q. However, since the
modal damping of the drive chain is small, the twist vibration
of the drive chain is easily caused by the difference between
the aerodynamic and the electromagnetic torque. In addition,
the twist vibration of the drive chain will also aggravate the
side-side vibration of the tower top and the y-direction load of
the tower bottom. Therefore, based on the traditional torque
control, it is necessary to add the active damping control of
the drive chain to enhance its equivalent modal damping.
However, it is not easy to measure the twist rate dy/dt the
drive chain. Generally, the value d y/dt of the drive chain twist
rate can be obtained based on the measured value weqsure OF
the generator speed through a band-pass filter (BPF). Then,
with the active damping gain H., the additional generator
torque 7,4 is obtained. At this time, the given generator
torque 7 of the torque-speed system is composed of the rated
generator torque Trq.q Of the traditional torque control and
the additional generator torque T,4 of the drive chain active
damping control. The diagram of wind turbine control is
shown in Figure 1.

In this paper, the physical simulation example based on
Bladed software is built according to the actual parameters
of the 2MW wind turbine. The main parameter values of the
2MW wind turbine are shown in Table 1.

106483



IEEE Access

Y. Liu et al.: Optimization of Torque Control Parameters for Wind Turbine Based on Drive Chain Active Damping Control

I ™ 7 7 Drive chain active damping control |
| Twist rate |
dy/dt Brearire |

T.| Torque-speed

g system

|
mearsure |
|

Traditional torque control

FIGURE 1. Diagram of wind turbine control.

TABLE 1. Main parameter value of the 2MW wind turbine.

Main parameter name Main parameter value

Generator rated speed 1500 r/min
Drive chain damping ratio 0.015
Drive chain resonance frequency 252 Hz
Wind speed range 4 m/s~25 m/s
Rated wind speed 11 m/s
9 m/s~11 m/s

Torque control range

A. MATHEMATICAL MODEL OF TORQUE-SPEED SYSTEM
In this paper, the wind turbine equilibrium points are wind
speed points of 9 m/s, 9.5 m/s, 10 m/s, 10.5 m/s, and 11 m/s.
Therefore, the other wind speed points in the torque control
range (9 m/s~11 m/s) with a step of 0.1 are defined as far
from the equilibrium points. Based on the 2MW wind turbine,
the mathematical models of the torque-speed system will be
established in this section.

The wind turbine is a strong nonlinear system. In order to
obtain the linearized model of the wind turbine, the Taylor
series expansion method is adopted to linearize each equi-
librium point. Therefore, the nonlinear wind turbine can be
transformed into a multiple-input multiple-output (MIMO)
state space equation, which is shown in equation (1). At the
equilibrium points, the linear system mathematical model
obtained by linearization is the same as the nonlinear wind
turbine model [17].

X = Ax + Bu

1
y=Cx+ Du M

In equation (1), A, B, C, and D denote three-dimensional
coefficient matrices, x denotes the state variable, u and y
denote the input variable and output variable, respectively.
Please refer to Appendix I for further details.

Moreover, the wind turbine is a parameter time-varying
system. In order to obtain a single input single output (SISO)
system with a constant wind speed of the wind turbine, the
wind speed, input, and output of the above MIMO system are
extracted [18]. When the wind speed is 10m/s, the torque-
speed system Go(s) of the wind turbine can be expressed as:

Gio(s) = —[0.016673(s + 0.04387s + 8.52)(s> + 0.1552s
+20.87)(s* + 9.724s + 378.4)(s*> + 0.729s
+449.1)(s*> 4 0.628s + 558.4)][(s + 0.06913)(s>
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+0.03167s + 8.88)(s> + 2.167s + 199.3)(s*
+5.2275 4+ 447.5)(s> + 1.331s 4 525.2)(s>
+2.5255 + 633)] 2

Based on the above methods, the mathematical models of
the torque-speed systems at the other equilibrium points for
the 2MW wind turbine can be established.

B. DYNAMIC MODEL OF DRIVE CHAIN ACTIVE DAMPING
CONTROL

The drive chain is composed of a low-speed shaft, gearbox,
and high-speed shaft, whose typical simplified structure is
shown in Figure 2, where K, denotes the stiffness of the drive
chain, D, denotes the damping of the drive chain, J, denotes
the rotational inertia of the wind wheel, J, denotes the rota-
tional inertia of the generator, w, denotes the rotor speed
of the wind wheel, w, denotes the generator rotor speed,
T, denotes aerodynamic torque of the wind wheel, T, denotes
electromagnetic torque of the generator.

| K I
@, ! () —~
T, ' : $ =
\ =
> D 1< =
I I

Low- speed shaft Gear box High-speed shaft

FIGURE 2. Simplified drive chain structure.

According to Figure 2, the torque transmission process can
be linearized as follows [19].

dw, dy
Jr_ = Ta - KCV _Dc_
(fit dt 3)
wg dy
JgW_KC +D.— —T,

where, y denotes the twist angle of the drive chain, dy/dt
denotes the twist rate of the drive chain.

In equation (3), the drive chain twist angle y and drive
chain twist rate dy/dt can be defined as:

Yy = /(wr - wg)dt “)
d
d_}t/ = Wy — Wy )

If additional torque 7,4, which is opposite to the twist rate
of the drive chain, is added to the electromagnetic torque 7,
of the generator, it can be expressed as:

Toa = —H. E (6)
where, H, denotes the active damping gain of the drive chain.

From equation (3) and (6), it can be deduced:
dw d
Jgd_tg = Ky +Dcd_]; — (Te + Taa)

d
= Koy + (De +Hc>d—? ~T, )
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According to equation (7), it can be proved that the active
damping control of the drive chain can increase its equiva-
lent damping from D, to (D, + H,.) after adding additional
torque Tyyq.

According to equation (6), the twist rate of the drive chain
is needed to calculate the active damping gain H, of the drive
chain. However, it is not easy to measure the twist rate dy/dt
of the drive chain. Generally, the value of the drive chain
twist rate can be obtained based on the measured value of
the generator speed through a BPF. The transfer function of
BPF can be expressed as:

2§ [ON)

- 8
52 + 28 wos + & ®)

Gfilter (s) =
where, & denotes the damping ratio of BPF, wg denotes the
center frequency of BPF.

With the measured value of the generator speed as an input
variable into the BPF, the output of the BPF is the value of
the drive chain twist rate. The drive chain damping ratio is
selected as the value of the BPF damping ratio [20]. To sup-
press the twist vibration of the drive train, the frequency of the
additional torque provided by active damping control needs
to be at the drive train resonance frequency [21]. According
to equation (6), since the additional torque is generated by the
drive chain twist rate, the frequency of the drive chain twist
rate output by the BPF needs to be at the drive chain resonance
frequency. Therefore, the drive chain resonance frequency is
selected as the value of the BPF center frequency [22]. The
damping ratio and resonance frequency of the drive chain in
the 2MW wind turbine can be obtained by Campbell analysis,
as shown in Figure 3 and 4.

0.025
0.020 [~ = = =
Drive train

o 0015 === =~ ;;:;;;;———»&j
= [
S
=4
= 0010 ————— == ]
g
a

0005~~~ T T T T T T T T T T T T T T T T T e e

0 . . . . . . .
10 11 12 13 14 15 16 17 18

Wind wheel speed (r/min)

FIGURE 3. Drive chain damping ratio obtained by Campbell.

It can be observed from Figure 3 and 4 that the damping
ratio of the drive chain is near 0.015, and the resonance
frequency of the drive chain is near 2.52 Hz. In the torque
control, the wind wheel speed range is 16~18 r/min. There-
fore, the damping ratio and center frequency of the designed
BPF are selected at 0.015 and 2.52 Hz. The Bode plot of the
designed BPF is shown in Figure 5.

The above parameters are from the built 2MW wind tur-
bine. In order to prevent secondary disasters of shafting,
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FIGURE 4. Drive chain resonance frequency obtained by Campbell.

0 T
g LD
:—: -20 + / \_ Band-pass filter center -
g _ _frequency:2.52Hz
g -40
<
=
-60
90 —
o5 45 | ‘ i
=z
[P] () I ‘ m
] |
= ‘
= -45 :
-90 -
-1 0 1 2
10 10 10

VFrequency(Hz)] 0

FIGURE 5. Bode plot of the designed BPF.

10% of the maximum torque of the generator is selected for
additional torque. Under torque control, the average value of
the BPF output is selected as the twist rate of the drive train.
Thereby, the initial value H, of the active damping gain is
calculated.

Ill. TORQUE-SPEED SYSTEM IDENTIFICATION AND PI
CONTROL PARAMETERS OF TORQUE SYSTEM SETTING

A. TORQUE-SPEED SYSTEM IDENTIFICATION

In order to facilitate the setting of the initial value of PI control
parameters, the torque-speed system Gio(s) with large inertia
characteristic is identified as a low-order inertia system by
using the Pade and Routh methods. The Routh method is
selected in this paper because of its excellent stability and
high fitting accuracy [23]. For the Routh method, the transfer
function is expanded into the forms of equation (9) and (10)
and then identified as a low-order inertial system according
to the Routh table:

G(s) =Y _ B[ Fits) ©)

=1 j=1

Fj(s) = (10)
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where, a; and B; can be obtained directly from the Routh
table.

Based on the Pade and Routh methods, equation (2) is iden-
tified as a low-order inertial system. Therefore, the low-order
inertial systems G1o_pude(s) and Gio_rourn(s) are expressed
in equation (11) and (12), respectively. The open-loop step
response compared with the torque-speed system is shown in
Figure 6.

—0.0044565% — 0.002845s — 0.06917
§3+2.187s2 + 64.725 + 4.483

G10_Pade(s) =
(1D
—0.0044355% — 0.002837s — 0.06915
s34+ 2.1865% + 64.89s 4 4.476

G10_Roun(8) =

(12)
O
' Torque-speed system
-0.002 F\ Pade identification
Routh identification
-0.004 + <1073 i
3 -0.006 7340 N Fitting ,
—g X \ ,,/ifj’/y degree:99.65%
=-0.008 F  \ -7.345 \ ]
g \
< -0.01 N -7.35
-0.012 \ 9.3 9.32 934 936 9.38
-0.014 + I |
-0.016 : ‘ P —
0 20 40 60 80 100
Time(Sec)

FIGURE 6. Open-loop step response comparison curves.

According to the above analysis, the Pade and Routh meth-
ods can comprehensively reflect the characteristic of torque-
speed system G1o(s). The fitting degree of the Pade and Routh
methods reaches 99.73% and 99.94%, respectively. There-
fore, with higher accuracy, G1o(s) is identified as G19_rousn(s)
by the Routh method.

B. PI CONTROL PARAMETERS OF TORQUE SYSTEM
SETTING

G10_Routh(s) is the controlled system. In order to obtain the PI
control parameters of the torque system with high accuracy,
the Integral of Timed and Square Error (ITSE) and Integrated
Time and Absolute Error (ITAE) criteria are used to set the
PI control parameters initial value of the torque system [24].
The error integration criteria are shown in Table 2.

TABLE 2. Error integral criterion index.

Criterion index Form
ITSE [t @yar
ITAE [ tleto|d

where, ¢ denotes the time, e(¢) denotes the error function.
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The initial value of PI control parameters for the torque
system is set based on the ITSE and ITAE criteria. The closed-
loop step response comparison curves are shown in Figure 7.
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FIGURE 7. Closed-loop step response comparison curves.

According to the analysis, the PI control parameters of the
torque system calculated by ITSE and ITAE can meet the
control performance requirements. Among them, the initial
value of the PI control parameter for the torque system cal-
culated by the ITSE criterion has a short rise time. Still, the
overshoot of the most important measurement index is 11%.
However, the ITAE criterion can achieve 1% overshoot, and
the adjustment time is relatively short. Therefore, the ITAE
criterion with better all-around performance is selected to set
the initial value K}, and K; of PI control parameters for the
torque system.

Based on the Routh method, the torque-speed systems at
the other equilibrium points are identified. Then the initial
value of PI control parameters for the torque system at the
other equilibrium points can be calculated based on the ITAE.

IV. OPTIMIZATION OF CONTROL PARAMETERS AND
CONSTRUCTION OF ADAPTIVE CONTROL
A. OPTIMIZATION OF CONTROL PARAMETERS
Since control parameters are inaccurate and the control objec-
tives are difficult to coordinate by using traditional methods,
it is necessary to optimize the PI control parameters of the
torque system and active damping gain. In order to improve
the control accuracy of generator speed and suppress the
drive chain twist vibration, the Hierarchic Genetic Algo-
rithm (HGA) is proposed to optimize the PI control param-
eters and active damping gains at each equilibrium point.
Compared with the other bionic algorithm, the Genetic
Algorithm (GA) has the advantages of strong search ability
and strong robustness. At the same time, GA is widely used
because it has strong applicability and can be combined with
other algorithms. With the development of the wind power
industry, the accuracy of wind turbine control parameters is
required to be higher and higher. However, GA has problems
of poor population diversity and premature convergence in
the late optimization stage. Therefore, when GA is used to
optimize control parameters, the accuracy of control param-
eters often cannot meet the requirement.
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However, compared with GA, the population is divided
into many subpopulations in the proposed HGA method.
Crossover and mutation probabilities are randomly selected
for independent evolution of each subpopulation. Further-
more, the best individual is selected at the last stage of opti-
mization, which can overcome the disadvantage of premature
convergence and maintain population diversity. Moreover,
it can also further improve the global and local search abil-
ity of the algorithm. Therefore, the control parameters with
higher control accuracy can be obtained.

The main parameter value of the HGA is shown in Table 3
[25], [26]. Furthermore, the structure of HGA is shown in
Figure 8.

TABLE 3. Main parameter value of the HGA.

Main parameter name Main parameter value Abbreviation
Population size 500 M=500
Subpopulation size 50 M=50
Number of subpopulations 10 N=10
Generations 100 G=10
Crossover probability [0.7, 1) P=[0.7,1)
Mutation probability (0,0.3] P,=(0,0.3]

Input and initialization

‘ Initialize the population and set the operating ‘
parameters (M=500,G=100)

|
Hierarchic operation /l\

‘ Subpopulation (M;=50) ‘

Calculate the performance
indicator function value of each
individual in the subpopulation

‘ Subpopulation (M,;,=50)

Crossover operation:
Randomly select the crossover
probability P=[0.7, 1)

Mutation operation: Randomly
select the mutation probability

Calculate the performance
indicator function value of each
individual in the subpopulation

Crossover operation :
Randomly select the crossover
probability P.=[0.7, 1)

Mutation operation: Randomly
select the mutation probability

P,=(0,0.3]

Select operation

P,=(0, 0.3]

Select operation

Judgment and output

cther the performance indica
function value is stable or reaches
the maximum number of generations
No No
Output optimized PI control parameters of the
torque system and active damping gains

End

FIGURE 8. Structure of HGA.

The PI control parameters and active damping gains at each
equilibrium point can be optimized based on HGA. The steps
of the HGA algorithm are as follows.

First, the population is initialized, and the operating param-
eters are set. Since the wind turbine is the controlled sys-
tem, the random seeds and turbulence intensities of turbulent
winds are used as the input values. Moreover, the PI control
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parameters of the torque system and active damping gain K,
K;, and H, are used as the initial values.

Secondly, the initialized population is equally divided into
ten subpopulations. Each subpopulation size is selected as 50.

Thirdly, the performance indicator function values of each
individual in subpopulations are calculated. The performance
indicator function Jr is constructed by ITAE of the generator
speed and the twist vibration of the drive chain. The perfor-
mance indicator function Jr is shown in equation (13).

Jr = §0fF + (1 = &)(dy dn)™*F (13)
where, & denotes the weight, a)g,TAE denotes the generator
speed ITAE, (dy /dt)'™AE denotes the drive chain twist rate
ITAE. The variables in equation (13) can be expressed as:

o0

ofTE = /0 (toy [€n, (1)l (14)
oo

ofTE = /0 (to |, (1))t (15)

where, t denotes time, e(¢) denotes the error function.

Next, crossover, mutation, and selection operations are car-
ried out among individuals in each subpopulation. Crossover
and mutation probabilities are randomly selected for each
subpopulation within a specified range. Each individual
evolves independently in its subpopulation.

Finally, the optimal individuals in each subpopulation are
compared. Then the best individual in the whole population is
selected, and the value of the performance indicator function
is calculated. If the value of the performance indicator func-
tion is stable or reaches the maximum number of generations,
the PI control parameters of the torque system and the drive
chain active damping gain become the output values. If not,
the algorithm enters the step of calculating the performance
indicator function value of the individual in each subpopula-
tion again.

The performance indicator function Jr constructed by
ITAE is composed of two parts, which need to be allocated the
weight. Therefore, the Pareto method is proposed to allocate
the weight relationship between the two control objectives.
The Pareto of the performance index function of wind speed
10 m/s is shown in Figure 9.

Turbulent wind speed 10 m/s
< Turbulence intensity 0.1
77777 Turbulent wind speed 11 m/s
= Turbulence intensity 0.1
= o ~ Turbulent wind speed 10 m/s
E) % Turbulence intensity 0.3
=« NN
% D \
z 3 \ \
E g NEERN
=2 o e
= N £m0003
SE e e
= 9 N\ e
‘E R oo o B
= P £=0.846 ~
= £=0.871 ©
10 8 6 4 2 0

Generator speed ITAE reduction percentage / %

FIGURE 9. Pareto under different wind conditions.
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Under the same wind condition, the generator speed and
the drive chain twist rate ITAE all decreases when & changes
within a specific range. With the increase of &, the generator
speed ITAE decreases, but the drive chain twist rate ITAE
increases. In contrast, under different wind condition, the
optimal value & changes with wind speed v and turbulence
intensity. When the turbulence intensity is 0.1, and the aver-
age wind speed is 10 m/s, it is considered that £ ~ 0.871 is
the optimal value at this time. When the turbulence intensity is
0.1, the relationship between optimal value £ and wind speed
can be expressed as:

E=1-— (16)
v

Therefore, the weight in the performance index function is
optimized by using Pareto. Since the PI control parameters
and active damping gain K, K;, and H, of the Gio(s) are
optimized by HGA, the change curves in the performance
indicator function Jr of the best individual in the population
are shown in Figure 10.

| Random speed: 1 310.08 1 Random speed: 99
310.24 || Turbulence intensity: 0.1 Turbulence intensity: 0.1
310.07

310.06
310.22 ‘

310.05
310.04 Lk

e

function J..

3102 1

Performance indicator

310.03 —
0 50 100 0 50 100
Generations Generations

7 Random speed: 1
334341 Turbulence intensity: 0.3
|

\

33433 |

[ Random speéd: 99
334.65 | Turbulence intensity: 0.3

~ 3346

334.55
334.32 >

Performance indicator

function J

s
B
=]
g =
2=
g .S
ES
g
€&
5

£

|

334.31 e
0 50 100 0 50 100

Generations Generations

3345 1|

FIGURE 10. Change curves of performance indicator function.

According to the analysis, optimizing PI control param-
eters of the torque system and active damping gain based
on HGA is closer to the object effect with the increase in
population generations. The turbulent wind random seeds
have little influence on the optimization results. It proves that
optimized PI control parameters of the torque system and
active damping gain have excellent control effect on different
types of turbulent wind with the same intensity. Since the
parameters of wind turbines have the time-varying charac-
teristic, the optimization effect of PI control parameters of
the torque system and active damping gain is relatively poor
in the case of high turbulence intensity. Therefore, the PI
control parameter and active damping gain corresponding to

the turbulence intensity of 0.1 are selected, which are written
as K];)pnmal’ Kiopttmal, and, Hcopttmal.

Based on the proposed HGA and Pareto methods, the
optimal value of the PI control parameters and active damping

gains at other equilibrium points can be obtained.

B. CONSTRUCTION OF ADAPTIVE CONTROL
During torque control, the parameters of the wind turbine
vary with wind speed. When the wind turbine operates far
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from the equilibrium points, the PI control parameters and
active damping gains designed based on the equilibrium
points cannot maintain the optimal control state [27]. At the
same time, constant or discrete PI control parameters and
active damping gains will result in unsatisfactory control
effect. Therefore, a continuous adaptive control method of
the torque system is proposed to solve the above problems.
The proposed adaptive control is constructed by fitting the
discrete PI control parameters of the torque system and the
active damping gains with the wind speed. In order to ensure
the control performance far from the equilibrium points,
the PI control parameters of the torque system and active
damping gains can be calculated and switched by adaptive
control in real time under the turbulent wind. Thus, adaptive
control can improve the robustness and stability of the control
system. The adaptive control parameters of the torque system
are shown in Table 4.

TABLE 4. Adaptive control parameters of the torque system.

W(igsss)peed 9 9.5 10 10.5 11
K 452 491 536 603 672
K7 221 247 276 303 338
H» 873 704 552 438 366

The least-square method is adopted to fit the discrete PI
control parameters and active damping gain in Table 4 with
the wind speed. The constructed continuous adaptive control
can be expressed as:

K[;)ptimal(v) = 26v2 — 410v + 2036 (17)
Kioptimal(v) =252 +7.50— 49 (18)
HOPImal(yy — 66.5v2 — 1584.5v + 9747 19)

where, K" timal . K timal ) and H2™ (1) denote wind
speed functions of proportional coefficient, integral coeffi-
cient, and active damping gain, respectively.

The Goodness of Fit of equations (17), (18), and (19) are
99.59%, 97.63%, and 98.92%, respectively, which meet the
requirement of fitting accuracy. Therefore, the corresponding
control parameters can be calculated and switched by the
proposed adaptive control far from the equilibrium point.
Analyzing equations (17), (18), and (19), the adaptive control
curves are shown in Figure 11.

Analyzing Figure 11, the proposed continuous adaptive
control method can maintain excellent control performance
by calculating and switching control parameters far from the
equilibrium points.

V. SIMULATION RESULTS

In order to verify the effectiveness of the proposed method,
the 2MW wind turbine is built based on the Bladed software
in this paper. Since the 2MW wind turbine is a nonlinear
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FIGURE 11. Adaptive torque control parameters curve.

system, the applicability of the proposed method can be
verified according to the simulation results. Furthermore,
by comparing control strategy 1, control strategy 2, and con-
trol strategy 3, the control effect of the proposed method can
be verified. The meaning and abbreviation of the different
control strategy is shown in Table 5.

TABLE 5. Meaning and abbreviation of the different control strategy.

Control strategy Meaning Abbreviation
The adaptive PI control of the

torque system is based on initial PI
values of control parameters.

The adaptive PI control of the PI+D

Control strategy 1

Control strategy 2

torque system and adaptive
active damping control of the
drive chain is based on initial
values of control parameters.
The adaptive PI control of the
torque system and adaptive
active damping control of the
drive chain is based on optimal
values of control parameters.

Control strategy 3 PI+D+OP

A. FREQUENCY-DOMAIN SIMULATION RESULTS

To verify the stability of the torque system after adding active
damping control, the Bode plot of the torque system is shown
in Figure 12.

Comparing control strategy 1 and 2, it can be observed
from Figure 12 that the phase margin and amplitude mar-
gin are greater than zero. The phase and amplitude have a
large stability margin, consequently. Therefore, the Bode plot
shows that the torque system can maintain strong stability
after adding the active damping control of the drive chain.
Comparing control strategy 2 and 3, it can be observed from
Figure 12 that the phase and amplitude are still greater than
zero after optimizing the control parameters, which can guar-
antee the strong stability of the torque system.

To verify that the resonance frequency of the drive chain is
in the desired range, the mode of the drive chain is analyzed.
The Campbell diagram of the drive chain mode is shown
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FIGURE 12. Bode plot of torque system.

in Figure 13 according to wind wheel speed and resonance
frequency.
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FIGURE 13. Campbell diagram of drive chain.

Comparing control strategy 1 and 2, it can be observed
from Figure 13 that the resonance frequency of the drive
chain can be changed from 2.52 Hz to 3.48 Hz after adding
active damping control. The intersection between the drive
chain resonance frequency of 3.48 Hz and the ninth-order
natural frequency (9P) can be avoided, thereby avoiding res-
onance. At the same time, the resonance frequency of the
drive chain damping can be obtained. Therefore, most of the
drive chain resonance near 2.52 Hz will be undertaken by
the drive chain damping. Comparing control strategy 2 and 3,
by analyzing Figure 13, the resonance frequency of the drive
chain and the drive chain damping can be changed by opti-
mizing the control parameters. Therefore, the intersection
between the resonance frequency and third-order (3P), sixth-
order (6P), ninth-order (9P), and twelfth-order (12P) natural
frequency can be avoided, thus preventing severe resonance.

To verify the ability of the proposed method to suppress the
vibration of the drive chain, the self-power spectral density is

106489



IEEE Access

Y. Liu et al.: Optimization of Torque Control Parameters for Wind Turbine Based on Drive Chain Active Damping Control

calculated based on the Fourier transform of the autocorre-
lation function. The self-power spectral density of the drive
chain twist rate is shown in Figure 14.
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FIGURE 14. Self-power spectral density.

Comparing control strategy 1 and 2, by analyzing
Figure 14, the component of the self-power spectral density
of the drive chain twist rate is significantly decreased near
2.52 Hz. Therefore, the resonance of the drive chain near
2.52 Hz can be avoided when additional active damping
control is used. Comparing control strategy 2 and 3, it can be
observed from Figure 14 that the component of the self-power
spectral density of the drive chain twist rate is significantly
reduced near 2.52 Hz and 3.48 Hz, which shows that severe
resonance of the drive train near 2.52 Hz and 3.48 Hz can be
significantly avoided.

Analyzing Figure 12, 13, and 14, it can be found that
the stability of the torque system can be ensured, and the
twist rate of the drive chain near 2.52Hz and 3.48Hz can
be significantly reduced. Furthermore, the drive chain and
drive chain damping resonance with 3P, 6P, 9P, and 12P can
be avoided after using the proposed method. Therefore, the
proposed method is applicable.

B. TIME-DOMAIN SIMULATION RESULTS
(1) The analysis of control accuracy

A turbulent wind condition of 10 m/s is set according to
the Kaimal model and International Electro technical Com-
mission (IEC) standards, as shown in Figure 15. Since wind
turbines under turbulent wind can be far from the equilib-
rium points at certain times, the applicability of the proposed
method can be verified according to the simulation results.

The control effect of generator torque, output power, and
generator speed under the wind speed of 10m/s are shown in
Figure 16, 17, and 18.

Analyzing Figure 16, 17, and 18, the analysis results can
be obtained as shown in Table 6.

According to the Germanischer Lloyd (GL) criterion and
the steady curve of the 2MW wind turbine, the MEAN of gen-
erator torque, output power, and generator speed all satisfy
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TABLE 6. Summary of performance indicators.
Control Control Control
strategy 1 strategy 2 strategy 3
Output power MEAN (W) 1.201x10°  1.203x10°  1.216x10°
Output power RMSE 3.653x10°  3.623x10°  3.581x10°
Generator speed RMSE ~ 3.490x10"  3.372x10'  3.013x10"

the control requirements of wind turbines, which proves the
applicability of the proposed method.
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FIGURE 18. Variation curves of generator speed.

Comparing control strategy 1 and 2, the output power
MEAN is increased by 0.17%, and the Root Mean Square
Error (RMSE) is decreased by 0.82%. Moreover, the gen-
erator speed RMSE is also decreased by 3.38%. Comparing
control strategy 2 and 3, the output power MEAN is increased
by 1.08%, and the RMSE is decreased by 1.16%. Moreover,
the generator speed RMSE is also decreased by 10.65%. The
above results show that the output power can be increased,
and the control accuracy of power and generator speed can
be improved after using the proposed method. Therefore, the
proposed method is applicable.

(2) The analysis of the drive chain twist vibration

In order to verify the vibration of the drive chain, the twist
rate of the drive chain is shown in Figure 19.

—— Pl
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—— PI+D+OP

4 1

l

Drive chain twist rate(rad/s)
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FIGURE 19. Variation curves of twist rate drive chain.

Analyzing Figure 19, the analysis results can be obtained
as shown in Table 7.

Comparing control strategy 1 and 2, the twist rate of drive
chain RANGE and MEAN are decreased by 35.52% and
13.36%, respectively. Comparing control strategy 2 and 3, the
twist rate of drive chain RANGE and MEAN are decreased by
32.88% and 5.93%, respectively. The above results show that
the twist vibration of the drive chain can be suppressed after
using the proposed method. Therefore, the proposed method
is applicable.
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TABLE 7. Summary of performance indicators.

Control Control Control
strategy 1 strategy 2 strategy 3
Twist rate , 5 5
0.125x10 0.806x10" 0.541x10"
RANGE (rad/s)
Twist rate
-1.984x10°  -1.719x10°  -1.617x107
MEAN (rad/s)

(3) The analysis of the tower top side-side vibration

In order to verify the side-side vibration of the tower
top, the side-side velocity and acceleration are shown in
Figure 20 and 21.
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FIGURE 20. Variation curves of velocity side-side tower top.
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FIGURE 21. Variation curves of acceleration side-side tower top.

Analyzing Figure 20 and 21, the analysis results can be
obtained as shown in Table 8.

Comparing control strategy 1 and 2, the side-side veloc-
ity RANGE and MEAN of the tower top are decreased
by 33.84% and 6.56%. Moreover, the side-side acceleration
RANGE and MEAN of the tower top are also decreased by
35.29% and 13.71%. Comparing control strategy 2 and 3,
the side-side velocity RANGE and MEAN of the tower top
are decreased by 27.15% and 1.36%. Moreover, the side-side
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TABLE 8. Summary of performance indicators.

Control Control Control
strategy 1 strategy 2 strategy 3
Velocity
0.863x10"  0.571x10"  0.416x10™!
RANGE (m/s)
Velocity
0.549x10*  0.513x10*  0.506x10™
MEAN (m/s)
Acceleration 0 0 0
, 0.578x10 0.374x10 0.263x10
RANGE (m/s?)
Acceleration
-0.175x10°  -0.151x10°  -0.134x10°

MEAN (m/s?)

acceleration RANGE and MEAN of the tower top are also
decreased by 29.68% and 11.26%. The above results show
that the side-side vibration of the tower top can be suppressed
after using the proposed method. Therefore, the proposed
method is applicable.

(4) The analysis of the tower bottom load

In order to verify the load of tower bottom, the Fy timing
sequence load is shown in Figure 22.
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FIGURE 22. Variation curves of tower bottom y-direction force.

Analyzing Figure 22, the analysis results can be obtained
as shown in Table 9.

TABLE 9. Summary of performance indicators.

Control Control Control
strategy 1 strategy 2 strategy 3
Fy RANGE (N)  6.774x10*  4.239x10*  2.914x10*
Fy MEAN (N) 23.731x10° -3.578x10°  -3.509x10°

The fatigue load is calculated based on the above timing
sequence load and Weibull annual wind speed distribution.
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In addition, the fatigue load of the wind turbine is quantified
by the Damage Equivalent Load (DEL), as shown in Table 10.

TABLE 10. Comparison of DEL at tower bottom.

Control Control Control
strategy 1 strategy 2 strategy 3
Fy DEL (N) 8.412x10*  8.159x10*  8.027x10*

Comparing control strategy 1 and 2, the Fy timing
sequence load RANGE and MEAN of the tower bottom are
decreased by 37.42% and 4.10%, respectively. Therefore,
the Fy DEL of the tower bottom is decreased by 3.01%.
Comparing control strategy 2 and 3, the Fy timing sequence
load RANGE and MEAN of the tower bottom are decreased
by 31.26% and 1.93%, respectively. Therefore, the Fy DEL
of the tower bottom is decreased by 1.62%. The above results
show that the y-direction timing sequence load and DEL of
the tower bottom can be decreased after using the proposed
method. Therefore, the proposed method is applicable.

VI. CONCLUSION

Considering the mutual coupling effect of wind turbine con-
trol parameters, an optimization method of the control param-
eters for torque system based on drive chain active damping
control is proposed, which improves the control accuracy and
solves the problem that the control objectives are difficult to
coordinate. The following conclusions can be drawn.

(1) Frequency-domain simulations: the proposed method
is applicable. The sufficient stability margin of the torque
system can be ensured. At the same time, the intersection
between the resonance frequency and 6P, 9P, and 12P can
be avoided, thus preventing severe resonance. Moreover, the
component of the self-power spectral density of the drive
chain twist rate is significantly reduced near the resonance
frequency of the drive train.

(2) Time-domain simulations: the proposed method is
applicable. The output power is increased, and the control
accuracy of output power and generator speed is improved.
Furthermore, the twist vibration of the drive chain, the
side-side vibration of the tower top, and the Fy timing
sequence load and Damage Equivalent Load of the tower
bottom are decreased after using the proposed method.

In the future, the online optimization method to improve
control accuracy according to real-time wind conditions will
become a hot research topic. Therefore, the research on
real-time online optimization methods of control parameters
based on faster optimization speed and higher optimization
accuracy is of great significance, which is our future research
work.

APPENDIX I
In equation (1), A, B, C, and D denote three-dimensional
coefficient matrices, x denotes the state variable; u and y
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denote the input variable and output variable. Due to the
complexity of the state space equation, only part of the state
space equation is shown.

A is a45 x 45 x 22 matrix, and only the previous 7 x 3 x 1 is
taken as an example:

0 0 0
—0.0001 x 10° 0O 0
0 0 0
A= 0 0 —0.0001 x 10° 1)
0 0 0
0 0 0
i 0 0 0 ]

Bis a45 x 3 x 22 matrix, and only the previous 7 x 3 x 1 is
taken as an example:

0 0 0
0 —0.0003 0
0 0 0
B=|00162 00002 0 (12)
0 0 0
0 0 0
L0 0 0|

Cisa 12 x 45 x 22 matrix, and only the previous 7 x 3 x 1 is
taken as an example:

a3)

S oo OO
S oo oo
el eoBoNoNeNe)

0 0
| —0.0865 x 10°  —0.0003 x 10° 0

Disa 12 x 3 x 22 matrix, and only the previous 7 x 3 x 1 is
taken as an example:

0 0 0.846 x 10%]
0 0 0
0 0 0.001 x 103
D= 0 0 0 14)
0 0 0
0 0 0
-0.0137 x 103 —0.1039 x 10° —0.0010 x 10|

TABLE 11. Part state variables.

State variables

1 Tower displacement mode 1
Tower velocity mode 1
3 Tower acceleration mode 1

TABLE 12. Input variables.

Input variables

1 Wind speed
2 Pitch angle demand
3 Generator torque demand

VOLUME 10, 2022

X contains 45 state variables. Only the previous three are taken
as an example:

TABLE 13. Part output variables.

Output variables
| Measured power

2 Measured generator speed
3 Generator torque
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