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Abstract. With the increasing capacity of wind turbines, the key parts of wind turbine bear the
increasing load, and the structural reliability have become increasingly demanding, thus,
Requirements of wind turbine control system control algorithm, can not only realize power
optimization control, also can achieve down load control. Based on the theory of model prediction,
design a nonlinear, variable parameter, wind turbines model predictive controller for transmission
chain load slow target, designed the Matlab and TUV GL bladed joint simulation model predictive
controller. Case study adopted 2 MW doubly-fed wind power unit model parameter, design variable
pitch model predictive controller respectively MPC and MMPC composite model predictive
controller, and simulation comparison and application of a wide range of PI control, it is shown the
results that the model predictive control to reduce the wind turbine speed fluctuation amplitude,
leading to smaller gear dynamic torque ripple; With the soft logic composite model predictive
control algorithm, action frequency of variable pitch control is decreased.

Introduction

With the increasing capacity of wind power, increasing the reliability and fatigue life of wind
turbine is becoming more and more important. A variety of technologies have been used to improve
the operational performance of the unit by technology workers. Traditional PID control has become
the mainstream control strategy of wind turbine with the characteristics of high efficiency,
operational stability and security. However, due to the fluctuation of the natural wind, the wind
turbine has the characteristics of wide wind speed range, large wind turbulence disturbance and
nonlinearity. But the traditional PID control strategy can only have good control effect near the
working point of the specific linear model. the phenomenon that turbulence wind load impact will
cause serious damage to the gear box can’t be solved. Therefore, the load shedding control of wind
turbines, such as the slowdown of the load of the gearbox and the reduction of the frequency of the
pitch-regulated device, are one of the ways to explore the extension of the life of the wind turbine.
T.G van Engelen et al. conducted a study on structural load mitigation [1-6], different control
algorithms are used to suppress dynamic loads, such as passive resistance of stop -band filtering,
H., robust control, and structural damping load shedding of gearbox couplings. But these methods
are all passive plus resistance to load shedding. Therefore, it is necessary to study a non-linear,
variable parameter intelligent control algorithm for load shedding. Based on the study and research
of wind power generation system model predictive control application [9-11], this paper designs a
composite wind turbine model predictive controller and compares it with the traditional PI
controller by simulation, and verifies the effect of the model predictive controller on reducing the
torque ripple of the drive chain. Finally, through the research of Matlab and TUV GL bladed
software interface, a joint simulation platform of wind turbine load control is designed, which can
effectively implement the model predictive controller simulation, and verify the application of the
model prediction algorithm in the load mitigation control of variable speed and variable pitch wind
turbine. It provides an effective verification environment for the wind turbine control system
composite model predictive control algorithm.
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Basic Principles of Model Predictive Control

Basic Principles of Model Predictive Control. Model Predictive Control (MPC) is an advanced
control algorithm, which can deal with nonlinear large time delay system. It is a control strategy
with limited time domain rolling optimization, which is different from other control algorithms. At
present, the model predictive control is mainly used in the field of petrochemical industry, and the
good effect is taken, but the actual wind turbine control system has no MPC algorithm application.
With the rapid development of wind power industry, the requirements of the control system
continue to improve, many experts and scholars believe that, MPC wind turbine control algorithm
may be on the wind turbine control technology to bring new opportunities for development.

Application of Model Forecasting Algorithm in Wind Turbine Control. The wind turbine is
a non-linear multi-parameter coupling system, and MPC can handle the nonlinear problem very
well. The MPC theory is applied to the actual wind turbine control, according to the predicted wind
turbulence, the control target is calculated in advance, so as to achieve the purpose of suppressing
the impact of the load, so it is of great practical engineering significance.

In this paper, 2.0MW double-fed induction generator(DFIG) wind turbine is used as the control
object. The parameters are given in Table 1 below.
Table 1: Main parameters of model

parameter name value parameter name value
Rated speed 12[m/s] Rated output power 2.0[MW]
Hub center height ~ 70.04[mm] Generator rated speed 1600[r/m]
Gearbox ratio 102.94 Generator rated torque 11850[N]

The MPC controller is designed based on the principle of model control forecasting in literature[8],
and the wind turbine model is obtained by using the state empty model (2) of the wind turbine, as
shown in Figure 1:

Wind turbine generator system is consisted of wind turbine rotor, mechanical subsystems, electrical
subsystems and variable pitch mechanisms [12]. Figure 1 shows the model of the entire variable
speed and variable pitch wind turbine which is consisted of the individual subsystem models
connected to each other.

mechanical subsvstems
Vi Tr o) Us
. c | Transmission system » . | —
— pneumatic " Mechanical structure g electrical
system < < subsystem  |————
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Pitch < control
Servo control

Fig.1:Component of double -fed turbine linearization model

Pneumatic subsystems are mainly used to convert wind energy into mechanical energy. The
mechanical subsystem mainly performs two functions: the first function is executed by the drive
chain, the rotor speed and torque of the wind turbine are transmitted to the generator; the second
one is to support the rotor and other devices, while supporting external thrust. The electrical
subsystem converts the mechanical energy at the generator shaft into electrical energy and then
incorporates the grid. Finally, the variable pitch servo system consists of a hydraulic or motor drive
device to rotate the blades about its longitudinal axis for system control. The system can be
represented by the equation (1) as follows:

X=AXx+Bu
{ 1)

y=Cx+Du

Where A, B, C, D are the state of the working point, and the coefficient matrix is as follows:
A: [56*56*23double]
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B: [56*3*23double]

C: [1*56*23double]

D: [1*3*23double]

The state space structure is the linearized model matrix of the nonlinear model of the wind turbine
at 19m /s wind speed point [12], and the definition of 56 state quantities is given in literature [13].
Normally the model is solved by TUV GL-bladed software.

There are three input variables: wind speed V, pitch angle  and generator torque Ty demand, the
output variable is only the generator speed measurement value wg. The load of the wind turbine is
completely limited by the speed, the load will be limited when speed is stable. In order to do model
predictive control, the transfer function (1) is required to be separated as follows:

X(k +1) = Ax(k) + Bu(k)

y(k) =Cx(k)+ Du(k) @)
Where u (k), x (K), y (K) represent the input vector, state vector and output vector matrix at time k.
At the time of k, the output of the system is predicted and the speed output vector sequence of the
system is:{y(k +1| k), y(k + 2| k),.......y(K + p|K)}.Where p is the predicted time domain.

The prediction process uses x (k) as the starting point of the state variable, and the starting point of
the predicted output is the measured rotational speed output value y (k) at the current time.
Controlling the input quantity u (k) in the predicted time domain is also need to consider for
predicting the future dynamic output of the system. In this paper, the case is a variable pitch model
predictor controller, so the control input quantity is the pitch angle requirement, and the control
variable pitch angle is the independent quantity of the optimization problem we need to solve. After
obtaining the future dynamic output, the control time domain is taken as 1, that means only the
predicted P step control variable is applied to the system.

The control target of the wind turbine model predictive controller is to reduce the difference
between the speed output trajectory and the rated speed of the system by changing the control input
quantity B after the disturbance occurs above the rated wind speed. For this reason, an optimization
function (3) is introduced to represent the cumulative error between the predicted output and the
desired target. The smaller the value of the optimization function, the better the performance of the
controller, and the smaller the dynamic load impact.

k+p

3= [(@.8,)" +(@se4)" +(@,505)°] 3)

i=k+1
Where: p is the predicted time domain, w , is the weight of the output speed, wp is the weight of the
pitch angle requirement, «,; is the weight of the variation of the pitch angle requirement; e,; is the
difference between the output speed and the speed set point at time i; ¢5; is the deviation of the pitch
angle requirement and the target set point at time i; «, iS the amount of change in the pitch angle

requirement at time i.
Usually the wind turbine in the optimization control due to the mechanical and design protection
limit and other constraints, the pitch model predictive control above the rated wind speed should
meet the constraints:

~5°< B<90°
—8°/s< f<8°/s (4)

850rpm < w <1800rpm

Therefore, the optimal control problem can be expressed as the minimum value of the penalty
function under the condition of control constraint, which is the working principle of the wind
turbine model predictive controller [8].
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Wind Turbine Compound Model Predictive Control

Based on the research of model predictive control principle, the traditional pitch Pl controller and
pitch MPC controller are built by Simulink using Matlab model forecast toolbox. Then the MMPC
composite model predictive controller is set up and embedded into the TUV GL-bladed software
based on the non-linear model of the wind turbine. The control simulation of the whole operating
condition of the wind turbine with variable speed and pitch is carried out. Composite model
predictive control system structure is shown in Figure 2.

Fig.2: Structure diagram of MMPC mod”é.IwEJredict control system of wind turbine

MPC controller design for wind turbine.The MPC controller based on the state space
prediction model is shown in Fig 3. The measurement output of the controller is the difference
between the actual generator speed and the rated rotor speed, the control variable is the demand of
the pitch angle, the pitch angle demand and wind speed are considered as measurable disturbance.
After parameter adjustment and optimization, the output of the pitch MPC controller is obtained:

e o ot > R o
:';._ . = ::mi N :MM Sums ug ﬁ:,; Ratr ezantralnt epirement
Fig.3: Component of MPC controller of the pitch Fig.4: Pl Controller structure diagram

Design of variable pitch angle Pl controller. The current mainstream wind turbine control
algorithm is PI control. In order to verify the effect of the MPC controller, the variable pitch and
constant-speed PI controller is set up to replace the MPC model predictor controller in Fig. 3. PI
parameters are the operating parameters at specific point which are adjusted and optimized, and the
pitch PI controller is responsible for wind turbine operational control. The PI control algorithm is
used to calculate the pitch demand, and the PI controller structure is shown in Figure 4.

Design of composite model predictive controller. Natural wind is random fluctuations, the
operating point of wind turbine has been changing, so the effect of the MPC controller t based on a
single point will be affected. The composite model prediction is that the MPC pitch controller is
designed with multiple operating points, and each controller corresponds to a certain operating area,
ensuring that the area is continuous and does not overlap. The composite model predictive
controller, also known as MMPC, is consisted of five MPC controllers, corresponding to different
wind speed interval control. In order to ensure that the controller can continuously provide the
control signal without coupling, this paper designs a soft logic switch mechanism. The wind turbine
model takes the input wind speed Vw as the reference input, uses the threshold value of the wind
speed, the pitch angle and the rotor speed at working point as the discrimination condition. Vin, Vz,
VQ, Vr, Vout correspond to the minimum wind speed, wind speed lower limit, upper limit,
reference wind speed and maximum wind speed respectively. The compound soft logic switching
control flow is shown in Fig5.

Fig.5: Soft logic switch procedure of cbmposite model predictive control
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Design of joint simulation platform. The ultimate goal of the design of the wind turbine
controller is to apply it to reality and improve the operating characteristics of the wind turbine. The
design process of the controller needs constant simulation and parameter modification, and a joint
simulation platform based on GH Bladed, Matlab and Visual studio software is designed to verify
the pre-control effect of the composite model. Software platform programming is executable file
written in C ++ language, using the memory sharing of the discon.dll dynamic link library to
achieve communication between Bladed and the platform, using Matlab engine to achieve
communication between Simulink and the platform, and then realize the joint simulation of
software operation. In the joint simulation software platform, the external controller interface file
DLL program and the intermediate interactive platform program do not involve the control
algorithm. Each call executes only the read-in and read-out operation of the data. Data transmission
process as shown:

status data Joint | Status data
it real -
Bladed ¥ Mattab/Simutin

time
software DLL file jred § il software
= simulation Eres ¢

platform

control control

variable variable

Fig.6: Combined real-time simulation platform

The co-simulation platform can visually display the simulation process, and easy to find the
controller defects. The simulation results are stored in Bladed and can be analyzed at the end of the
simulation. The co-simulation platform program has the advantage of being able to quickly perform
controller modification and parameter adjustment.

Case simulation and analysis of results

Simulink simulation results. Using the wind turbine model predictive control system shown in
Fig. 3. Due to the limitation of space, only the MPC controller and the PI controller at the operating
point of the rated power-constant speed zone of 19m /s £ 9% of the constant speed range are given
to carry out Simulink simulation. In order to get the simulation results under different wind speed
changes, two wind speed conditions are chosen here: (1) 19m / s-20m / s step wind speed (2)
average wind speed of 19m / s turbulence wind speed. The simulation uses the same wind turbine
linearization model and the same sampling time, and records the output value of the generator speed
and pitch angle in the simulation process. In the figure, the dotted line is the PI controller emulation
output, and the solid line is the MPC controller simulation output. The simulation results are as

follows:

Fig?—a: Wihd sbeed in gust' Fig. 8-a: Wlnd sﬁeed |n nbrrﬁalwtu'r'blj'luer‘\'ce is19m/s

Fig.7-b: fhe '('jutpht of gé‘heré'torlépeéd ingust Fig. 8-b: Change of generatof sp'éed iri'tu'rbulent wind

Fig.7-c: The oﬁtpuf of'pitc'h angle'in gust Fig. 8-c: éhéngé of pltch a“r-llglué |n tU"rb‘uIent wind

Fig.7: Output of generator speed and pitch Fig.8: Output of generator speed and pitch angle in
angle in step response of wind turbulent of wind

Simulation results analysis:
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(1) Simulation results of step wind speed
The three graphs in Figure 7 record the simulation results of the wind speed, measured generator
speed and pitch angle.at step wind disturbance. It can be seen from the figure, when the step wind
speed occurs, the generator speed fluctuations, and the pitch angle is changed accordingly to control
the speed. The maximum rotor speed fluctuation of PI control is significantly higher than the MPC
control speed and shock obvious. The speed MPC controlled achieves stability within 10s, and PI
controller stability time is longer, Pl controller generator speed changes drastically increase the
drive chain fatigue load. The control of the pitch controller for the pitch controller is oscillatory, and
the pitch angle under the MPC controller is a step change and quickly gives an exact set point, but
the frequency of the pitch angle change increases.
(2) Simulation results of turbulent wind speed
The three graphs in Figure 8 record the simulation results of the wind speed, measured generator
speed and pitch angle.at turbulent wind disturbance. Turbulence wind fluctuation range is about
17.58m / s-20m / s. The generator speed has a large fluctuation, the generator speed under the
control of PI controller has a high amplitude and high vibration frequency, but MPC controller can
control the wave in a very small range, reducing the fatigue load of the drive chain. The vibration
amplitude of pitch angle demand under PI controller is slightly larger than the MPC, larger pitch
energy is needed, increasing the probability of the pitch operator failure.

Composite model predictive control Simulation results based on joint simulation platform.
In order to obtain the nonlinear control effect of the composite MMPC controller, this paper adopts
the 2MW wind turbine model in the Bladed software as the nonlinear model of the wind turbine,
and uses the joint simulation platform to establish the engine connection, and the control response
result is shown in Fig 9.

Fig.9: Output of generator speed and pitch angle in MMPC model predictive control

Figure 9 shows the simulation results of generator speed, pitch angle demand under the turbulence
wind. The control effect of MMPC on generator speed is smaller than that of PI controller, which
reduces the fluctuation of wind turbine speed and the fatigue load of transmission chain. At the
same time, Figure 8-c compared with Figure 9 can be found that the action frequency of the pitch
angle is also reduced, verifying the non-linear control effect of the MMPC controller.

Conclusions

This paper discusses the application of the model predictive control theory in the nonlinear system
of the wind turbine control. The simulation proves the feasibility of the implementation of the
predictive control algorithm of the MMPC model, and provides a new technical method for the
intelligent control of the large wind turbine. The main conclusions are as follows:

1) The model predictive control method is a kind of control algorithm commonly used in the
automation field. It is usually considered that the calculation is complicated, the response is slow.
The MPC and P1 controller results are simulated by Simulink toolbox, but the results show that the
MPC algorithm has better effect than the PI control algorithm. Compared with the speed response
of Figure 8-b and Figure 7-b, there is a tendency for the overshoot to decrease.
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2) When using Matlab and Bladed software joint simulation platform for experiments, the
shortcomings of slow and non - linearity of the system are overcome by using the piecewise
compound model predictive control method of nonlinear wind turbine working curve. The paper
gives the rated rotor speed running range under rated wind speed, and obtains the wind turbine
output response at range of 19m /s £ 9%, as shown in Figure 9. The results show that the MMPC
controller significantly suppresses the overshoot of the generator speed. At the same time,
compared with Fig. 8-c, the frequency of the pitch control operation is reduced, which has a
significant mitigation effect on the fatigue load of the transmission chain and pitch mechanism of
the wind turbine.

3) Of course, the actual model of the wind turbine is difficult to predict, this case uses DUV GL-
bladed software to access, and follow-up must be added to the intelligent learning to predict the
actual application. This is the deficiency of the paper, and further improvement is needed in the
future.
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