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Optimal Decreased Torque Gain Control for 
Maximizing Wind Energy Extraction Under 

Varying Wind Speed
Liansong Guo, Minghui Yin, Chenxiao Cai, Yunyun Xie, and Yun Zou

Abstract——Optimal torque (OT) control is a widely used meth‐
od for maximum power point tracking (MPPT) due to its sim‐
plicity. In order to overcome the adverse impacts of turbulent 
wind speed variations on MPPT, in several methods, modifica‐
tion factors have been proposed to dynamically modify the ide‐
al power curve for OT control. However, this paper finds that 
the update cycles used in existing methods to adjust power 
curve modification factors are very long and hence these fac‐
tors are difficult to be updated in a timely manner along with 
the wind speed variations. This thereby may deteriorate the ef‐
fectiveness of wind energy extraction. Therefore, an optimal de‐
creased torque gain (DTG) control method is proposed in this 
paper. Based on the persistence method, an offline mapping 
from the wind speed and rotor speed to optimal modification 
factors is established via optimal control theory. The power 
curve can be periodically modified online through the mapping 
relationship. In this method, the update cycles for these power 
curve modification factors are shortened from tens of minutes 
to seconds. The simulations and experiments show that the pro‐
posed method is more efficient than others in terms of energy 
extraction under varying wind speeds, especially for turbulent 
wind cases.

Index Terms——Decreased torque gain (DTG), maximum pow‐
er point tracking (MPPT), offline mapping, optimal control, per‐
sistence method.

I. INTRODUCTION

WIND power generation has developed rapidly in re‐
cent years, and it offers prospects for the exploitation 

of clean energy resources. The improvements in wind energy 
extraction efficiency have received increasing attention. In 
this field, maximum power point tracking (MPPT) control is 
widely implemented in variable-speed wind turbines 
(VSWTs) [1] - [4]. Optimal torque (OT) control is the most 
widely used engineering method in MPPT strategies.

The OT control is designed based on the theoretically opti‐

mal power curve and aims to keep the rotor running at the 
maximum power point (MPP). Due to sluggish dynamics, a 
wind turbine is difficult to accelerate or decelerate quickly 
to respond to wind variations under OT control [5] - [7]. In 
this case, the rotor cannot work at the MPP, which seriously 
reduces the effectiveness of wind energy extraction.

To address this issue, several methods have been proposed 
to modify the optimal power curve. These methods can be 
roughly summarized as the following three types.

1) Decreased torque gain (DTG) [5] and adaptive torque 
control (ATC) [8]-[11] methods. A proportionality coefficient 
of the optimal power curve is added to decrease the torque 
of the generator.

2) Inertia compensation control (ICC) [12] and constant 
bandwidth control (CBC) [13] methods. A compensation 
term for the generator torque is added to increase the torque 
discrepancy.

3) Reduction of tracking range (RTR) [14], [15] and effec‐
tive tracking range (ETR) [16] methods. The defined range 
of the optimal power curve is reduced to shorten the track‐
ing distance required for MPPT.

In these methods, the theoretically optimal power curve is 
modified through different modification factors to speed up 
the MPPT process. The sluggish dynamics of wind turbines, 
which cause a reduction in wind energy extraction efficien‐
cy, can be mitigated to some extent. Generally, the values of 
the optimal modification factors vary with the observed 
wind conditions [5]. To adapt to varing wind speeds, these 
modification factors should be dynamically adjusted to im‐
prove the effectiveness of wind energy extraction.

However, it is found that the update cycles for power 
curve modification factors are too long to adapt to varying 
wind speeds. The update cycles in these existing methods 
are generally within 10-20 min [10], [17]. In contrast, turbu‐
lent wind speeds often fluctuate drastically within seconds. 
The modification factors are difficult to adapt to these wind 
speeds due to their long update cycles. This impedes the fur‐
ther capture of wind energy.

In this paper, an optimal DTG control strategy is pro‐
posed. To obtain the optimal modification factors under vary‐
ing wind speeds, the persistence method [18]-[22] is applied. 
It treats the wind speed in a very short time horizon as a 
constant value. Hence, an offline mapping from the wind 
speed and rotor speed to optimal modification factors can be 
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established based on optimal control theory. According to 
this mapping relationship, at the beginning of each cycle, the 
optimal modification factors can be adjusted by estimating 
the wind speed and measuring the rotor speed in real time. 
The optimal control command determined by the optimal 
modification factors can be updated to cope with varying 
wind speeds in a shorter cycle. The effectiveness of wind en‐
ergy extraction under turbulence is thus enhanced. The ma‐
jor contributions of this paper are summarized as follows.

1) It is found that the update cycles for the power curve 
modification factors should be shortened to adapt to varying 
wind speeds. The update cycles of the modification factor in 
existing methods generally last for 10-20 min. They are diffi‐
cult to adapt to wind speeds that vary within seconds. This 
impedes the further improvement of wind energy extraction.

2) A new method for periodically updating power curve 
modification factors is proposed based on optimal control 
theory. An offline mapping from the wind speed and rotor 
speed to power curve modification factors is established. 
The control command is updated in a shorter cycle. The 
method thereby adapts better to varying wind speeds.

The remainder of this paper is organized as follows. Sec‐
tion II introduces wind turbine modeling and a review of the 
OT control. In Section III, an optimal control method for 
maximizing wind energy extraction efficiency by adjusting 
the MPPT control command factors with shorter updating cy‐
cles is presented. In Section IV, simulations based on the fa‐
tigue, aerodynamics, structures, and turbulence (FAST) [23] 
code and experiments conducted on a wind turbine simulator 
(WTS) [24] demonstrate the effectiveness of the proposed 
method. Finally, Section V concludes this paper.

II. WIND TURBINE MODELING AND A REVIEW OF OT 
CONTROL 

In this section, the modeling process for a VSWT with 
OT control is introduced. Several methods have been devel‐
oped to further improve the effectiveness of wind energy ex‐
traction. It is discovered that the update cycles of power 
curve modification factors with the corresponding controllers 
employed in these methods are difficult to adapt to varying 
wind speeds. Therefore, it is urgently necessary to propose a 
new method to shorten these cycles to maximize the extract‐
ed wind energy.

A. Modeling of a VSWT with OT Control

The aerodynamic power extracted from the wind by a 
VSWT is [1]-[7]:

Pr = 0.5ρπR2v3Cp (λ) (1)

where ρ is the air density; R is the rotor radius; v is the 
wind speed; and Cp is a function of the tip speed ratio 
(TSR) λ, which is expressed as:

λ =
ωr R

v
(2)

where ωr is the rotor speed. For a given period, the captured 
wind energy E is the integral of the power, which can be ex‐
pressed as:

E = ∫Prdt = ∫0.5ρπR2v3CPdt (3)

The aerodynamic torque Tr is then given by:

Tr =Pr /ωr (4)

The mechanical characteristics of a wind turbine can be 
described for a two-mass model, which is expressed as [16]:

ì

í

î

ïïïï

ïïïï

Jrω̇r +Drωr = Tr - Tls

Jgω̇g +Dgωg = Ths - Te

Ths = Tls /ng

(5)

where Te is the electromagnetic torque of the generator; Jr 
and Jg are the inertia values of the wind wheel and genera‐
tor, respectively; Dr and Dg are the external dampings of the 
rotor and generator, respectively; Tls and Ths are the low-
speed and high-speed shaft torque values, respectively; ng is 
the gear ratio of the gearbox; and ωg is the generator speed. 
Assuming a perfectly rigid shaft and ignoring the damping 
coefficients, the mechanical dynamics can be simplified to a 
single lumped-mass model:

ω̇r = (Tr (vωr )- Tg )/Jt (6)

where Jt = Jr + n2
g Jg; and Tg = ngTe, Tg is regarded as the con‐

trol command. When a VSWT runs at the optimal TSR val‐
ue λopt all the time, the power coefficient Cp remains at its 
maximal value (denoted as C max

p ), as shown in Fig. 1. Then, 
the captured wind energy reaches its maximal value, which 
is expressed as:

Emax = ∫P max
r  dt = ∫0.5ρπR2v3C max

p dt (7)

The wind energy extraction efficiency is expressed as:

η =E/Emax (8)

The control strategy based on the traditional OT control 
can be expressed as [7]:

Tg =Koptω
2
r (9)

Kopt = (0.5ρπR5C max
P )/λ3

opt (10)

where Kopt is the theoretically OT gain derived from the theo‐
retically optimal power curve. When a VSWT operates ac‐
cording to the ideal optimal curve, the extracted wind energy 
is Emax. However, due to rapid wind speed fluctuations, the 
operation power points stray from the maximum continuous‐
ly with the slow dynamics of the VSWT. This results in re‐
duced wind energy extraction.

0

max

Cp

Cp

λλopt

Fig. 1.　Typical Cp (λ) curve.
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B. Review of OT Control

Noting that more wind energy is contained in wind gusts 
than in wind lulls [5], [16], three mainstream methods have 
been introduced to accelerate the tracking of wind gusts.
1)　DTG Method

The generator torque of a DTG controller is given by:

Tg = αKoptω
2
r (11)

where αÎ[01] is the DTG modification factor. The unbal‐
anced torque discrepancy of the turbine increases as the gen‐
erator torque decreases. This thereby accelerates the process 
for tracking wind gusts.

For variable wind speeds in a given period, there exists a 
unique α corresponding to the maximum extracted wind en‐
ergy [5]. Nevertheless, only a rough interval estimation of α 
is provided via DTG control [5]. Thus, to enhance wind en‐
ergy extraction, ATC methods [8]-[11] have been further de‐
veloped to dynamically adjust α depending on time-varying 
wind conditions.
2)　ICC Method

The generator torque of an ICC controller is given by:

Tg =Koptω
2
r - kfω̇r (12)

where kf is the compensation factor [12], [13]. As in the 
DTG method, the unbalanced torque discrepancy of the tur‐
bine increases to accelerate the MPPT process. As the de‐
crease in torque is proportional to the rotor acceleration, a 
dramatic torque variation is observed. kf should be selected 
carefully so that the drive train load can be cut down in this 
method [5], [25].
3)　RTR Method

Unlike the methods that decrease the generator torque, the 
RTR method focuses on shortening the tracking distance to 
increase the acceleration of turbines with increasing wind 
speeds. The implementation involves constraining the start‐
ing speed so that a higher rotor speed will be achieved more 
quickly as the wind speed increases [14], [15].

To periodically update the starting speed, the ETR method 
[16] was proposed to establish a direct quantitative relation‐
ship between the reduction in the tracking range and the ob‐
served wind conditions.

C. Deficiency of Update Cycles for Modified Factors

There exists a serious defect in these existing methods 
that the update cycles of the corresponding modification fac‐
tors generally spend 10-20 min. In contrast, wind speeds 
vary within seconds. It is difficult for a factor that is kept 
constant over a relatively long period to adapt to varying 
wind speeds with high accuracy. Thus, this cannot improve 
the wind energy extraction.

Taking the DTG method as an example, an analysis is pro‐
vided. The power curve modification factor in the DTG 
method is the torque gain α. Under a turbulent wind speed, 
the optimal α for achieving maximum wind energy extrac‐
tion over 10 min and 10 s is simulated, as shown in Fig. 2. 
The optimal α fluctuates more frequently in a shorter period, 
which also improves the wind energy extraction by approxi‐
mately 1.5%. This means that a shorter period of adjusting α 
can be used to better adapt to varying wind speeds. The 

wind energy extraction efficiency can be further improved.

Therefore, a new method for shortening these cycles is ur‐
gently required to further improve the wind energy extrac‐
tion efficiency.

III. OPTIMAL CONTROL METHOD FOR MAXIMIZING WIND 
ENERGY EXTRACTION EFFICIENCY

In this section, a method is proposed by means of optimal 
control theory. In this method, an offline mapping from the 
rotor speed and wind speed to optimal modification factors 
in an integrated controller is established. The modification 
factors are updated periodically according to the mapping re‐
lationship. The cycles can be significantly shortened, and the 
wind energy extraction results can be further enhanced.

A. Design of Integrated Controller

In order to improve the acceleration ability of the single 
DTG method with respect to tracking wind lulls, an integrat‐
ed controller is designed by adding an ICC compensation 
term to the DTG controller.

The electromagnetic torque, as a control input command, 
can be expressed as:

Tg = αKoptω
2
r - ζ (13)

where ζ is developed from the ICC method; and αÎ[01] is 
developed from the DTG. Both parameters are regarded as 
power curve modification factors. The optimal and modified 
power curves are shown in Fig. 3, where v1-v5 are different 
wind speeds.

Compared with that of the DTG method, the tracking abil‐
ity for wind lulls of the proposed method is strengthened 
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with an additional decreased torque factor ζ. Similarly, as ζ 
is not dependent on the rotor speed, the dramatic variability 
in the torque demand can also be mitigated relative to that 
of the ICC method. In summary, the integrated controller 
remedies the deficiencies of the individual controllers.

In the proposed method, two modification factors must be 
optimized. Most of the previous improvements such as the 
ATC scheme developed for the DTG are only applicable to 
dynamically optimize a single factor. Therefore, a new meth‐
od must be proposed. If the two modification factors can be 
dynamically adjusted, the original DTG method and other 
controllers with specific factors can also be optimized 
through the designed method. This indirectly demonstrates 
the superior ability of the proposed method.

Remark 1: the theoretically optimal power curve is ob‐
tained on the basis of the design in steady state; therefore, 
the offset of the equilibrium points will occur when the pow‐
er curve is modified. It is thus necessary to illustrate the sta‐
bility of the turbine with the modified power curve. Similar 
to the proof of the stability of adaptive DTG control with a 
single α in [8], a theorem for the stability of a wind turbine 
system with control law (13) is given in Appendix A.

B. Implementation of Optimal Control Method

Let T be the update cycle for the modification factors in 
(13). For each control time window [kT (k + 1)T), kÎ, the 
modification factors αk and ζk are given to update the control 
command. It is necessary to compute the optimal α*k and ζ *

k  
to maximize the extracted wind energy for each cycle, as 
shown in Fig. 4.

Let τ be the length of a wind speed prediction time win‐
dow. Then, the previewed wind speed in a prediction time 
window [kTkT + τ) can be expressed as vk (t). The wind ener‐
gy extraction in [kTkT + τ) can be expressed as:

Ek (αkζkvk (t)ωr (t))= ∫
0

τ

0.5ρπR2v3
k (t)Cp (ωr (t)vk (t))dt (14)

Hence, for a given vk (t), the corresponding α*k (vk (t)) and 
ζ *

k (vk (t)) can be computed by solving the objective function, 
which is denoted as:

obj = max
αkζk

Ek (αkζkvk (t)ωr (t)) (15)

s.t.

ì

í

î

ïïïï

ïïïï

αkÎ[01]

ζkÎM

ωr (0)=ωr (kT)

(16)

where ωr (kT) is the measured rotor speed at kT; and M is a 
set of numbers based on experience [5]. Hence, the optimal 
α*k and ζ *

k  for the prospective maximum extracted wind ener‐
gy under the given wind speed vk (t) in [kTkT + τ) can be ob‐
tained by:

ì
í
î

α*k = α
*
k (vk (t))

ζ *
k = ζ

*
k (vk (t))

(17)

Based on the above assumption, the process for comput‐
ing the optimal control command in a cycle under given 
wind speeds can be summarized as Algorithm 1.

In Algorithm 1, vk (t) must be given for [kTkT + τ). Howev‐
er, the wind speed vk (t) is highly unpredictable in practice, 
and the forecasting of precise turbulent wind speeds is very 
difficult in a very short-term period τ due to technical limita‐
tions [26], [27]. Previously, relatively accurate wind speeds 
in real time could be estimated via the methods in [28], 
[29], as shown in Fig. 5 [28].

Hence, for practical feasibility, the estimated wind speed v̂ 
can be used to approximate a wind speed prediction in a 
very short-term period through the persistence method [21], 
[22]. In the persistence method, it is assumed that vk (t)=
v(kT) for [kTkT + τ). Then, from Algorithm 1, the optimal α*k 
and ζ *

k  for [kTkT + τ) can be denoted as:

ì
í
î

α*k = α
*
k (v(kT)ωr (kT))

ζ *
k = ζ

*
k (v(kT)ωr (kT))

(18)

Note that vk (t)=v(kT) in [kTkT+τ). Due to this condition, ar‐
bitrarily variable wind speeds can be expressed as a corre‐
sponding constant. Hence, for different wind and rotor speed 
values v(kT) and ωr (kT), α*k and ζ *

k  can be computed, respec‐
tively.

Furthermore, let the ranges of possible variable wind 
speeds [vmvM ] and rotor speeds [ωrmωrM ] be quantized as 
V1V2...VNÎ[vmvM ] and Ωr1Ωr2...ΩrPÎ[ωrmωrM ], where 
V1 = vm, VN = vM, Ωr1 =ωrm, and ΩrP =ωrM. Then, for all 
VnÎ{V1V2...VN } and all rotor speeds ΩrnÎ[Ωr1ΩrP ], the 
corresponding optimal modification factors α* (VnΩrn ) and 
ζ * (VnΩrn ) can be computed in advance through Algorithm 
1. In other words, an offline mapping from the rotor speed 
and wind speed to modification factors can be established:

(α*ζ * )= fαζ (VnΩrn )    1 £ n £N (19)

where fαζ is the mapping relationship. At the start time of 
each cycle, the optimal modification factors can be mapped 
through the estimation of the wind speed and the measure‐
ment of the rotor speed.

The designed control strategy, as shown in Fig. 6, can be 
summarized in Algorithm 2.

From the design procedure utilized for the optimal control‐
ler, a shortened update cycle is adopted by the proposed 
method.

0 T 2T kT (k+1)T

α0, ζ0
∗ ∗ α1, ζ1

∗ ∗ αk, ζk
∗ ∗

� �

Fig. 4.　Optimal DTG modification factors for various control time win‐
dows.

Algorithm 1: process for computing optimal control command in a cycle 
under given wind speeds

1: For a given vk (t), compute the optimal α*k and ζ *
k  through (14)-(16) by 

means of the appropriate optimal control algorithm
2: Obtain the optimal control command Tgk = α

*
k Koptω

2
r - ζ

*
k

Kalman filter
Newton 

algorithm

v̂

Tg

ωg

Estimated Tr

Estimated ωr

Fig. 5.　Wind speed estimation.
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Remark 2: in this paper, the GPOPS-II algorithm [30] -
[32] based on the Gaussian pseudospectral method is used to 
solve the optimal α*k and ζ *

k  values in Algorithms 1 and 2. It 
was developed from the Pontryagin maximum principle, 
which has been found to be an efficient tool for solving gen‐
eral continuous-time optimal control problems. More details 
are given in Appendix B.

Remark 3: in Algorithm 2, the wind speed function vk (t) 
is replaced by a constant Vn in [kTkT + τ). The effect of the 
resulting error can be estimated as follows.

Suppose vk (t) is replaced by Vn in [kTkT + τ). By the gen‐
eralization of the first integral intermediate value theorem, 
there exists a variable vξ that makes (20) valid.

 v3
ξ∫

0

τ

Cp (λ)dt = ∫
0

τ

v3
k (t)Cp (λ)dt (20)

where vξÎ[vmvM ]. Since Cp v3
k (t), the error occupation pro‐

portion of the energy can be described by:

Dε =  

|

|

|

|

|

|
||
|

|

|

|
(v3
ξ -V 3

n )Dt

∫
0

τ

v3
k (t)dt

|

|

|

|

|

|
||
|

|

|

|

(21)

where Dε is the loss rate of wind energy with the persistence 
estimation. As shown in Fig. 7, the value of this error relies 
on the selection of T and τ.

IV. SIMULATION AND ANALYSIS 

To verify the method proposed in this paper, FAST-based 
simulations and WTS-based experiments on a three-bladed 
controls advanced research turbine (CART3) [23] built by 
the National Renewable Energy Laboratory (NREL) are 
used. The parameters of the wind turbine are shown in Ta‐
ble I.

As the persistent wind speed is applied to replace the fore‐
casted wind speed in [kTkT + τ), the length τ directly affects 
the optimization calculation error. The accurate wind speed 
vk (t) cannot be approximated by Vn if the value of τ is too 
large. In contrast, a narrow range of the control update peri‐
od [kT (k + 1)T) may lead to a frequent response to the con‐
trol commands of wind turbines.

Thus, the dynamic response time interval of the wind pow‐
er control system is investigated. According to the time re‐
quired for returning to the steady state after the disturbance, 
we choose τ = 10 s. To better respond to varying wind 
speeds, we choose T = 8 s.

A. Performance Comparison Using FAST Simulation

In addition to the results of wind energy extraction, the 
evaluation results for the error according to the persistence 
method are discussed to estimate the prospective wind speed.
1)　Estimation of Wind Energy Loss Caused by Persistence 
Method

As the varying wind speeds are replaced by a constant val‐
ue in the calculation, the resulting loss of wind energy cap‐
ture efficiency needs to be estimated. The Dε value in each 
control cycle is plotted in Fig. 8.

As shown in Fig. 8, the energy error proportion in each 
control cycle is much smaller. In fact, the values are deter‐
mined by the selection of the values of τ and T. The calcula‐
tion error obtained by the persistence method decreases with 
the length of the prediction time window [kTkT + τ).

The comparison of rotor speed trajectories with persis‐
tence method and segmental prediction hypothesis is shown 
in Fig. 9, where ωopt represents the ideal rotor speed.

Mapping 
v̂

Tg

v

Wind turbine

fα,ζ

Offline optimization(α,ζ )= fα,ζ (v,ωr)

Wind speed

estimation

α ζ

ωr
Tg=αKoptωr�ζ

2

Fig. 6.　Scheme of designed control strategy.

Algorithm 2: process for computing optimal control command in a cycle 
under unknown wind speeds

1:

2:

3:

Obtain fαζ by computing α* (VnΩrn ) and ζ * (VnΩrn ) for all V1  and 
Ωr1Ωr2...ΩrPÎ[ωrmωrM ] offline

Estimate the wind speed v(kT) and measure the rotor speed ωr (kT) at 
kT online, and quantize them to Vnk

 and Ωnk
, 1 £ nk £N, kÎ

Set (α*k ζ
*

k ) = fαζ (Vnk
Ωrnk

) and update T *
gk = α

*
k Koptω

2
r - ζ *

k  for 

[kT(k + 1)T) in real time

0

Energy with v
k

Time

Cube of

wind speed Error energy with v
k

v
k

3(t)

Fig. 7.　Distribution of error energy with persistence method.

TABLE I
PARAMETERS OF WIND TURBINE

Parameter

Number of blades

Rotor radius

Hub height

Rated power

Gearbox ratio

Rated torque

λopt

C max
p

Value

3

20 m

36.6 m

600 kW

43.165

3580 N·m

5.8

0.46
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The segmental prediction hypothesis supposes that the 
wind speed in each interval [kT kT + τ) can be accurately pre‐
dicted. With this assumption, the optimal commands are ob‐
tained through Algorithms 1 and 2, respectively. Their wind 
energy extraction efficiencies, which are 91.43% and 
91.35%, respectively, confirm that the chosen prediction hori‐
zon and control cycle are reasonable. This result reflects the 
slight effect on the wind energy extraction efficiency in each 
prediction time window with the persistence method.
2)　Comparisons of Wind Energy Extraction Efficiency

Next, to compare the wind energy extraction effect, the ap‐
plications of optimizing the DTG modification factor by 
means of the proposed method and by the ATC method are 
added. As the iteration cycle of ATC is much longer, the to‐
tal simulation time is set to be 1 hour. The cycle of ATC is 
set to be 10 min. A signal of turbulent wind speed with an 
average speed of 4 m/s and a high level of turbulence inten‐
sity are applied as the input of the wind turbine.

The comparison of η for different methods using FAST 
simulation is shown in Fig. 10. The comparison of α for dif‐
ferent methods using FAST simulation is shown in Fig. 11. 
For a clear comparison, the factor ζ is normalized to the 
range of [01]. The modification factors in the proposed meth‐
od are better adapted to varying wind speeds. This thereby 
enhances the wind energy extraction efficiency in each cycle.

As can be observed in Fig. 12, the operation rotor speeds 
for the proposed method and ATC are almost higher than 
that of the conventional OT control. More energy is captured 
in wind gusts, which is an effect of the decreased torque 
gain.

As shown in Table II, the wind energy extraction efficien‐
cy with the proposed method is enhanced compared with 
that of the ATC method. Furthermore, the optimal command 
with α* and ζ * results in larger efficiency than that with α*. 
It means that a higher degree of freedom of the power curve 
adjustment can improve the optimization effect. The rotor ac‐
celerates by tending toward the maximum energy capture, al‐
though an accurate wind signal is not obtained with the per‐
sistence method for a prediction time window.
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The efficiency of wind energy capture is calculated using 
(8). Compared with ATC, the proposed method in this paper 
is better adapted to varying wind speeds, thereby capturing 
more energy.

However, in this method, the optimization effect of wind 
energy efficiency is greatly affected by the selection of the 
ranges of the prediction and control time windows. An inap‐
propriate vξ may lead to a decrease in wind energy extrac‐
tion. A better technique for wind speed forecasting may ob‐
tain a better effect.

B. Experimental Validation

To verify the proposed method, a WTS-based wind tur‐
bine generator (WTG) test bench [33] that can replicate the 
mechanical dynamics of the CART3 turbine is established. 
As shown in Fig. 13(b), the test bench includes three main 
parts, i.e., WTS, electrical part and Beckhoff PLC.

The WTS consists of an induction motor (IM), a flywheel, 
and a simulation program running on a programmable logic 
controller (PLC). The aeroelastic simulation program is de‐
veloped by FAST code, mainly containing the aerodynamic 
simulation algorithm and the rotor inertia compensation algo‐
rithm. By combining the simulation program and the deploy‐
ment of the flywheel [33], the aerodynamic behavior and the 

mechanical dynamics of the CART3 turbine can be simulat‐
ed by the WTS.

The electrical part includes a permanent-magnet synchro‐
nous generator (PMSG) and a grid-connected convertor (in‐
cluding a generator-side rectifier coupled with a grid-side in‐
verter). These parts are implemented in the practical WTG. 
The rectifier controls the PMSG torque through the torque 
reference received from the Beckhoff PLC.

The MPPT control algorithms implemented on the PLC 
send the electromagnetic torque reference to the rectifier at 
each control cycle.

The comparison of different MPPT methods with the 
same wind profile input and parameter settings noted in Sec‐
tion IV-A are implemented through the test bench. As shown 
in Figs. 14-16 and Table III, the experimental results, similar 
to those of the FAST simulation, further demonstrate the 
merits of the proposed method. During these experiments, 
the following points are noted.

1) The optimization of α proposed in this paper better 
adapts to varying wind speeds. This thereby improves the 
wind energy extraction efficiency even further.

2) Although the effect of the factor ζ is similar to that of 
α on the dynamic performance, the wind energy extraction 
efficiency is further enhanced. The fluctuation of the factor ζ 
matched dynamically is approximately constant compared 
with the varying α.

3) The rotor speed trajectories in the experimental results 
produce few jagged fluctuations due to the measured noise 
compared with the simulation results.

TABLE II
COMPARISON OF WIND ENERGY EXTRACTION EFFICIENCY USING FAST 

SIMULATION

Method

OT
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Optimal command with α*

Optimal command with α* and ζ *

η (%)
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Fig. 13.　WTS-based WTG test bench. (a) Laboratory implementation for 
experimental testing. (b) Schematic diagram of WTS-based WTG test bench.
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V. CONCLUSION

From the perspective of the power losses incurred when 
tracking rapidly changing wind speeds, this paper provides a 
feasible and efficient method to optimize the power curve 
modification factors in shorter cycles.

Considering that the modification factor update cycles uti‐
lized in previously developed OT control methods are too 
long to adapt to varying wind speeds, this paper optimizes 
the modification factors corresponding to the maximum pro‐
spective extracted wind energy. To overcome the challenge 
of computing optimal solutions to real-time wind turbine 
control problems, offline mapping can be established based 
on wind speed forecasting through the persistence method. 
In this way, the generated torque command is updated and 
periodically mapped through the online estimated wind 
speed and measured rotor speed. Simulation and experimen‐
tal results verify that the proposed method improves the 
wind energy extraction efficiency.

APPENDIX A

To ensure the stability of a wind turbine with controller 
(13), the following theorem is given.

Theorem 1: suppose that the input wind speed v is constant. 
Then, the equilibrium point ωr =ωe of plant (6) and controller 
(13) is locally asymptotically stable.

Proof: let

h(λ)=
αKoptv

2 λ3 - ζR2 λ

1
2
ρπR5v2

(A1)

In Fig. A1, the graphs of functions Cp (λ) and h(λ) are plot‐

ted using the parameters in Table I. The abscissa of the inter‐
section of the two curves is defined as λe at a rotor speed ωe.

Suppose that V (x)=
1
2

e2 is a Lyapunov function, where e =

ω -ωe. Then,

V̇ (ω)= eė = (ω -ωe )ω̇ =

   
v
R

(λ - λe ) ( 1
2
ρπR3v2

Cp (λ)

λ
- αKoptω

2 + ζ )
   

2λ
ρπR4v

(λ - λe )(Cp (λ)- h(λ))< 0 (A2)

Therefore, the wind power system (1)-(6) at the equilibri‐
um point ω =ωe is asymptotically stable.

The rotor speed converges to a certain state. Note that the 
prototype of the constructor in (A1) can be found in [8].

APPENDIX B

More details are provided regarding the solution of the ob‐
jective function in (14) and (15). To solve (15), an optimal con‐
trol model is transformed by the wind turbine model with 
DTG control. The standard optimal control formulation is sum‐
marized as follows.

1) The performance index is the maximum level of wind en‐
ergy extraction in the time interval  [0τ]:

 obj = 0.5ρπR2∫
0

τ

v(t)3 (C max
p -Cp (λ))dt (B1)

2) The state equation is the equation of motion, in which the 
rotor speed ωr is the system statement:

ω̇r = (Tr - Tg )/Jt (B2)

3) The control variable is the modification factor due to the 
fixed form of the electromagnetic torque command, as shown 
in (B3), which meets the constraints of (16).

u = (αζ )T (B3)

4) The initial status ωr (0) is the measured value in each con‐
trol cycle.

From the Pontryagin maximum principle, it follows that the 
necessary condition for the globally optimal solution to the op‐
timal control problem 1)-4) is given by:

 H(ω*
r pu

*t)=min H(ω*
r put) (B4)

where ω*
r  is the optimal state variable; u* is the optimal control 

variable; p is the costate variable; and H is the Hamiltonian 

λopt λλe

Function
h(λ)
Cp(λ)

Fig. A1.　Functions of Cp (λ) and h(λ).

TABLE III
COMPARISON OF WIND ENERGY EXTRACTION EFFICIENCY IN EXPERIMENTAL 

VALIDATION

Method

OT

ATC

Optimal command with α*

Optimal command with α* and ζ *

η (%)
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Fig. 16.　Comparison of rotor speeds for different methods in experimental 
validation.
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function defined as:

 H = 0.5ρπR2v3 (C max
p -Cp (λ))+ pτ (Tr - Tg )/Jt (B5)

Usually, it is difficult to obtain an analytical u* value from 
(B4). In this paper, the Gaussian pseudospectral method is ap‐
plied to solve the optimal control problem numerically. Due to 
the superiority of the Gaussian pseudospectral method, related 
software based on this method has also been developed. A 
MATLAB software program called GPOPS-II, which uses a 
variable-order Gaussian integral pseudospectral method to 
solve the general continuous-time optimal control problem, is 
used to compute the solution of the optimal control problem in 
this paper.

In GPOPS-II, three main files corresponding to the perfor‐
mance index, state equation, and constraints are written first. 
In these files, the variables are defined in the programming 
language of GPOPS-II according to the optimal control prob‐
lem 1)-4). By running the program, the optimal u* can be ob‐
tained.
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