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ABSTRACT Wind energy has been promoted as an environmentally-friendly and sustainable energy. The
boost of wind power generation has greatly promoted the developments of modern urbanization. However,
the characteristics of complexity, nonlinearity, constraints and multivariability make the controller design
challenging. In this work, a Lyapunov-based MPC framework is proposed for nonlinear wind power systems
with external disturbances and constraints. Firstly, a typical doubly-fed wind power generation system is
established in line with the physical models of key components, i.e., wind turbine, transformation device
and generator. Then, considering the exogenous disturbances, a nonlinear Lyapunov-based MPC framework
is proposed for the wind power generation system. The optimization objective and constraints are constructed
to formulate the control problem. As well, the closed-loop stability of presented MPC approach is derived.
In the end, an actual SMW wind power system is utilized to verify and analyze the effectiveness of designed
controller under different wind speeds and weighting parameters.

INDEX TERMS Wind power generation system, model predictive control, nonlinear controller, Lyapunov

function.

I. INTRODUCTION

Icreasing urbanization has aggravated the contradiction in
global energy supply and demand. Seeing that the severe
pollution and source shortage in fossil fuels, it is urgent
to explore renewable energy, where wind energy stands out
for its green, clean and sustainable nature [1], [2]. For
one thing, in contrast to traditional sources, wind energy is
environmentally friendly instead of producing harmful gases
or pollutants. For another, excellent economic advantages
are performed in the utilization of wind power, since the
plants spend lower costs in operation and shorter time
in construction. Hence, wind power generation, converting
wind energy to electric power, has become a key choice in
modern development [3]. Nevertheless, the control problem
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in wind power systems is still a challenging issue for their
characteristics of nonlinearity and hard constraints [4]. More
attention must be paid to the research on their optimization
strategies certainly [5]. A wind power system consists of
rotor, transmission system, tower, and generator. During the
conversion in work, the energy has gone from wind source,
to mechanical energy, and finally to electric power. When the
wind speed reaches a certain range, the blades are propelled,
and then drive the rotor, connected with the transmission
system, to produce electricity in the generator [6]. The control
part plays a crucial role in the wind power system, in charge
of the start-up, grid connection, power generation and so
on, to guarantee a safe and efficient operation. However,
due to the characteristics of randomness and intermittency,
it is difficult to accurately predict the outputs of wind power
generation. In particular, the curtailment of electric power
occurs when the system is integrated into the grid. Further,
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noting that the fluctuation of wind inputs poses a threat
to the stability of grid, the criticality of control design is
underlined [7].

Model predictive control (MPC) technique was first
proposed in the 1960s and found its initial applications in
the field of chemical process control [8], [9], [10], [11]. For
the past few years, MPC has been widely adopted in diverse
fields [12], [13], [14], [15], [16], e.g., mechanical control,
power systems, transportation and aviation. The fundamental
idea of MPC is to perform multi-step predictions of system
model within each control cycle and solve the optimization
problem in line with the predictions. The optimization aims
to obtain an input sequence that minimizes the objective
function over the prediction horizon. Ultimately, only the first
input in the sequence will be used to the actual system at
the current time step. MPC is a model-based strategy applied
to nonlinear power systems [7]. For wind power systems,
MPC makes significant improvement in performance and
stability, through dealing with the nonlinearity and stochastic
disturbances effectively. As constructing predictive model
and integrating optimization theory, it predicts the future
actions and calculates the optimal control inputs. In addition,
MPC operates within hard/soft constraints to ensure the
system requirements. To this end, in wind power system,
MPC technique provides a great assurance for its efficient
and stable operations [18]. Now, the application of MPC
has spawned many new technologies. For instance, a novel
MPC approach was proposed by combining MPC with
Sliding-Mode Control (SMC) to address system uncertainties
in [19]. Moreover, by combining MPC with Takagi-Sugeno
(T-S) fuzzy models (TSFMs), the implementation efficiency
was improved for nonlinear systems in [20]. In [21],
a novel cooperative Hy, robust move blocking fuzzy MPC
approach was proposed to compensate for model uncertain-
ties and external disturbances while ensuring closed-loop
stability.

To obtain controls with explicit stability, the use of Lya-
punov method has attracted increasing attention. Closed-loop
stability regions are well-defined by these rules. A class of
Lyapunov-based nonlinear controller was developed in [22],
[23], and [24], where explicit initial conditions were raised
for bounded robust stability, and yet no performance was con-
sidered. Currently, a focus is Lyapunov-based MPC (LMPC)
in various complicated systems such as robot systems [25],
distributed systems [26] and intelligent systems. Besides,
LMPC can be combined with other schemes (e.g., fuzzy
control and adaptive control) to enhance performance and
robustness. As the mentions, LMPC suggests the incorpora-
tion of MPC and Lyapunov stability theory. More specifically,
in this approach, a Lyapunov function is constructed and
introduced to the MPC framework to analyze the system
stability [29]. In the framework, the Lyapunov function serves
as an energy function for the assessment of system stability
and states convergence. By selecting appropriate Lyapunov
function, the stability and performance objectives can be
satisfied under the designed control algorithm.

5104

The challenges in dealing with wind power system lie
in several aspects: 1) a wind power system is a complex
nonlinear dynamic system, including multiple subsystems
such as wind turbines, rotors, and generators, which are
interconnected. It is not easy to control such system with
linear control algorithm. Thus, a nonlinear Lyapunov MPC
is designed for the wind power system. 2) For the wind
power systems, wind speed is a critical influencing factor
in the performance with highly randomness and not easy
to measure. These uncertainties pose significant challenges
to LMPC control. 3) LMPC needs to calculate the optimal
control inputs in real-time, considering the dynamic changes
in wind speed. It requires fast responses and adjustments
due to the dynamic variation in wind speed. However, the
process of calculating the optimal control inputs may have
a high computational complexity, presenting a challenge to
real-time responsiveness.

In the wind power generation, the goal is to capture as
much wind energy as possible in low wind speed region,
as well as maintain a rated output power in high wind speed
region. It is supposed to design compatible control schemes
at different work. Therefore, in our work, a Lyapunov-
based MPC framework is proposed to address the control
problem of disturbed wind power system. Both state and input
constraints are fulfilled in LMPC design. Bounded controllers
and corresponding stable regions are utilized as auxiliary
controllers to complete the stability analysis.

The main contributions of our manuscript are:
1) A robust Lyapunov-based MPC approach is proposed

for wind power system. The proposed Lyapunov-based
MPC approach allows us to take into account the non-
linear nature of the system and external perturbations
while maintaining stability. The difference between
LMPC and regular MPC is that we incorporated
constraints based on the Lyapunov function into the
MPC in the optimization process.

2) Handling external perturbations is an important chal-
lenge in the control of wind power systems. The
proposed approach combines Lyapunov control and
nonlinear model predictions to provide robustness
to external perturbations, which is an innovative
approach.

3) Soft constraints are derived in the optimization process
for the high wind speed phase, providing the system
with a broader operating range to achieve stability more
rapidly. The effectiveness of the proposed approach has
been validated in an offshore wind power generation
system.

The remainder of the paper is organized as follows.
Section II presents the mathematical model of wind power
generation system, which lays a foundation for controller
design. In Section III, a Lyapunov-based nonlinear MPC
is designed for the power generation system with external
disturbances. Simulation experiments are given in Section IV
to show the effectiveness of the proposed control framework.
Finally, Section V concludes the main work of this paper.
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FIGURE 1. Composition of wind power generation system.

Il. WIND POWER GENERATION SYSTEM MODELING

A. SYSTEM CONFIGURATION

As shown in FIGURE 1, in general, a large-scale wind
power generation system is comprised of wind turbine, tower,
transmission device, generator, inverter, control equipment
and power grid [27]. The cooperation of each component
facilitates the conversion from wind energy to electric power.
Specifically, wind energy is captured by the wind turbine
and transformed into mechanical energy. Then, the energy
is transferred in the form of rotational speed and torque to
the generator through the transmission device. The device
matches the speed of wind turbine with the requirements
of generator by virtue of a gearbox or direct drive system.
As for the generator, it completes the transformation from
mechanical energy into alternating current (AC) power on
the basis of electromagnetic induction. In the end, the
generated electric power is integrated into the power grid,
in which AC power is converted to direct current (DC) power
by the inverter, and the voltage level is adjusted by the
transformer.

By controlling the inverter, the grid connection strategies
are executed to guarantee the synchronization of wind power
generation system and power grid, and maintain stable output
power. For the sake of seamless connection and power
regulation, the parameters of grid are monitored to modify
the operating mode of inverter.

;
:
! Generator

Wind turbine !

Drive system

FIGURE 2. Simplified model of wind power generation system and its
parameters.

It is intractable to address the nonlinearity and complexity
of wind power generation system. Hence, in this paper,
some simplifications have been introduced to better achieve
the research objectives. The specific model and parameter
symbols are illustrated in FIGURE 2. The components
like inverter, controller and power grid are omitted for
brevity. We have concentrated on modeling wind turbine,
transmission system, and generator.
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1) WIND TURBINE
Based on aerodynamics, the wind turbine make full used of
wind energy by rotor blade. When the wind acts on the blade,
there exists difference of air pressure between the upper and
lower surfaces, by virtue of the blade’s specific airfoil shape
and angle of attack, such that the lift is generated to drive the
blade to rotate. This allows for the maximum conversion from
wind energy to mechanical energy [28].

The captured wind energy by the wind turbine can be
represented as the following equation:

1
P, = 5'07TR2V3CP A B) (D

where v is the current wind speed; P, is the aerodynamic
power captured by the aerodynamic unit from the wind; p is
the air density; R is the radius of the wind turbine rotor; A\ and
B respectively represent the tip speed ratio and pitch angle of
the blades; C,, (), B) are wind energy utilization coefficients
related to A and S.

Specifically, the relationship between the wind energy
utilization coefficients C,, and A, B can be expressed by the
following equations:

116 2
Cp (A, B) =0.5176 (T - 048 — 5) e i

1

+ 0.0068 A 2)
1 1 0.035
== - = 3)
N A+0088 B3+1
R
A= )
1%

where w, is the wind turbine rotor angular speed. It can be
seen that C,, is a nonlinear function of A and 8. There exists a
pair of A and 8 values for which the wind energy utilization
coefficient C, can reach its maximum value Cp max. At this
optimal condition, the corresponding values of A and g are
defined as Aopy and Bop respectively, where Agp is also
referred to the optimal tip speed ratio. The specific equation
is as follows:

()\opt» ﬁopt) = ar%\max Cp A\ B) Q)
B

According to (1), the aerodynamic power of the wind
turbine P, is directly proportional to the wind energy capture
coefficient Cp, i.e., as C, increases, P, also grows propor-
tionally. Therefore, the aim is to maximize the value of C,
and employ MPC algorithm to achieve on-line optimization.
This implies that it is available to enhance performance and
economic efficiency of wind power generation system.

Here we modeling the function C, w.rt. A and 8. It is
observed that in 3-D space, there exists a maximum value
of C, at certain A and B, as shown at the black point in
FIGURE 3. At this point, C,, reaches approximately 0.48, )
is around 8.1 and g is equal to 0. Furthermore, from the 2-D
plot of C, against A and 8 in FIGURE 4, it can be seen that
each value of 8 corresponds to a curve, and each curve has a
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peak. When 8 = 0, the curve has the highest peak compared
with other 8. Therefore, for the objective to maximize Cp, the
values of Aope and Bop are set as 8.1 and 0, respectively.

X 8.08081
4
0 YO

Z0.480003

FIGURE 3. 3-D plot of Cp against ) and g.
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FIGURE 4. 2-D plot of Cp against )\ under different 8.

2) TRANSMISSION SYSTEM

As a crucial part of wind power apparatus, the transmission
system is used to connect the low-speed shaft of wind turbine
with the high-speed shaft of generator. It is composed of a
series of transmission devices, e.g., wind turbine rotor, low-
speed shaft, gearbox, and high-speed shaft. The rotor in wind
turbine captures wind energy, and the low-speed shaft transfer
the rotational force to the gearbox. Through the gearbox,
the rotational speed is delivered across the high-speed shaft
to prompt the electric power generation in generator. That
is to say, the conversion from wind energy to mechanical
energy is completed [28]. The types of shaft can be concluded
with rigid shaft and flexible shaft. The rigid shaft, made
of metal materials, is designed to transfer the rotational
motion and bear the immense torque from wind turbine.
On the other hand, the flexible shaft, made of high-strength
elastic materials, enables to absorb the vibration, shock,
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torque fluctuation and unbalanced load. The optimization
about transmission system may strengthen the energy transfer
efficiency and stability, reduce energy losses, and attenuate
fatigue damage to shafts. This contributes to the reduction of
maintenance cost and the advancement of reliability in wind
power generation systems.

The transmission system can be modeled as the

follow-up:

1 P
T, = =—paRV'Cy (A, B) = — (6)

2w, Wy
Jowra =Ty — K60 — Db (7)

. K@ D
Tyig = N—g + A;g — T (®)
b= w,— % ©)
=0 3

where T,, T, represent the torque of wind turbine and
generator, respectively; w, denotes the rotor angular velocity
of generator; 6 is the torsional angle of transmission shaft;
N, represents the gear ratio of gearbox; J, and J, respectively
mean the wind turbine and generator inertia; Ky and Dy denote
the stiffness and damping coefficient, respectively.

3) GENERATOR

The generator is an vital component in wind power genera-
tion. Following Faraday’s law of electromagnetic induction,
the current will be induced in coils when the rotor rotates and
cuts through the magnetic field line. That is the realization
of energy conversion. In our work, we prefer to model
the widely-used doubly fed induction generator (DFIG),
which is more efficient and flexible than the traditional
one [2]. Thus bidirectional power flow takes place since both
stator and rotor windings are connected to the grid. What’s
more, even if the grid fails, it allows DFIG to hold power
regulation capability for the tunable brushless generator.
Additionally, DFIG stands out in efficiency through the
control of stator and rotor current to attain power and voltage
regulation.

The research places importance on DFIG and model
it mathematically in the two-phase synchronously rotating
coordinate system. Accordingly, one has:

a) Voltage Equations:

Usd = Rsisqg + p@sa + W1Psq
qu = Rsi_yq +p(ﬂyq + W1 Psd
Urg = Rriyg + porg + (01 — w3) Drq
Urg = Rrirg + porg + (@01 — 02) Ora

(10)

where ug and u, denote the stator and rotor voltages; i
and i, represent the stator and rotor currents; ¢ and ¢
are the stator and rotor magnetic flux; the subscripts d
and g indicate their corresponding d-q coordinate axes,
where d and g mean the d-axis and g-axis relative to
the rotor’s angular velocity difference, thus obviously
wg = (w1 — w2).
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b) Flux Linkage Equations:

Psd = Lsisq + Linira
¢¥sq = Lgisqg + Linirg
¥rd = Lyiyg + Linisa
Orq = L, irq + Lmisq

Y

where L,, denotes the equivalent mutual inductance
between stator and rotor; Lg and L, are the stator and
rotor equivalent self-inductance, respectively.

c¢) Electromagnetic Torque Equation:

Tg = Nme (isqird - isdirq) (12)

where N, is the number of pole pairs in DFIG.

d) Generator Output Power:
Taking energy losses into account, we define the effi-
ciency of mechanical-to-electrical energy conversion
as n. The output power of the generator P, can be
calculated using the following equation:

P, = nT,w, (13)
B. WIND SPEED MODEL

Wind energy, as an important clean energy source, originates
from variations in atmospheric airflow and interactions
within the climate system, and thus presents strong uncer-
tainty. Hence, the modeling about wind speed is of great
significance to control implementation.

Probability distribution function has common application
during the modeling. In this case, the wind speed is
decomposed into two components: mean wind speed and
turbulent wind speed, to better describe the variability. The
mean wind speed refers to the average value over long-term
observation and is typically to do with season, geographical
location, climate conditions, etc. It possesses such slow
variation that it can be determined long-term statistical
analysis. Nevertheless, the turbulent wind speed represents
the fluctuating part of wind speed within a shorter time
interval, which is posed for the complicated meteorology and
the instable airflow. Intense variation takes place among the
turbulent wind speed, and it can be characterized through
instantaneous wind speed peaks, changes in wind direction
and so on.

In this paper, for the sake of simplicity, only the magnitude
of wind speed is considered, whereas the direction and other
effects are disregarded. The mean wind speed is described via
step function, and the turbulent wind speed v, is concerned
through Gaussian distribution. To impose restrictions on
the random disturbance values, the turbulent wind speed is
generated under a truncated Gaussian distribution:

a) Set the truncation range, i.e., the upper bound v; of
the absolute value of turbulent wind speed v,. Given
mean value p and standard deviation o, the probability
density function v, ~ N (u, 02) is attained by:

L)
f )= o (14)
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b) Generate a random number using the Gaussian distri-
bution provided in step a).

c) If the random number generated in step b) falls within
the truncation range, return the random number. If not,
repeat step b) until a random number is within the
truncation range.

C. OVERALL STATE SPACE EQUATIONS

Based on the modeling of each component in foregoing
description, a simplified state-space model is built for
subsequent control design. Denote the state variables as

X = [x1x x3] = [wg Wy G]T; the input variables as
u = [uyu]" =[B Tg] the outputs as y = [y; 217 =
[Pg a)g]T. The state equations of simplified wind power

generation system are defined as follows:

X =f&@,u@),v®)

Y@ =hx(@),u)) (15)
where:
f&@),u@), V(t))
NZJ x1+ x2+ X3—Jiu2
= Ni*} x; — lj—"xz - —)C3 + T (u1, v, x2) (16)
X2 — ngxl

h(x(2),u(t))

= [nxiuz x11" a7

This section provides a detailed introduction of the wind
power generation system, and establishes the mathematical
models for wind turbine, transmission system and genera-
tor, respectively. Via the synthesis and analysis, the state
equations of simplified wind power generation system are
proposed to lay foundation for optimization.

lll. LYAPUNOV-BASED MPC DESIGN FOR WIND POWER
GENERATION SYSTEM

A. CONTROL OBIJECTIVES

The drastic fluctuations in wind speed have tremendous
impacts on wind power generation system. Therefore,
to ensure the safe operation, it is necessary to formulate
different control objectives under high/low wind speed [28].
For this purpose, the parameters, like rated wind speed
and rated power, should be monitored to switch the control
strategy in time and protect the system.

When the wind speed falls within the rated wind speed
range, the control objective is to achieve maximum power
output and further attain optimal power generation efficiency.
However, when the wind speed surpasses the rated threshold,
it must impose some strategies, for example adjusting the
angle of blades, to prevent excessive load operation and
safeguard the system. On the contrary, if the wind speed
falls below the rated threshold, it should activate auxiliary
generators or alternative power sources to keep operation
from shutdown.
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In FIGURE 5, where the wind speed is within different
regions, the control objectives have been depicted. When the
wind speed is below the cut-in wind speed v;,, the auxiliary
generator is activated to ensure power supply at low level.
When the wind speed reaches v;,, normal operation begins.
At this point, it is supposed to optimize the generator torque
T, to maximize C, and the output power. Thus the interval
Vin™ Vrated 1S Named as maximum wind energy capture region.
When the wind speed v is in vyig < Vv < Vigred, i.€., the
transition region, the rated generator speed w;qeq can be
reached, whereas the output power cannot reach the rated
value. Hence, the goal is to maintain the speed w;qq and
maximize the output power. Further, when the wind speed
reaches v,4eq, €ach state should be sustained at rated value.
For example, if the wind speed grows, the pitch angle 8
should be adjusted to reduce C, for rated P, and w,. Note
that define such interval v,4eq~ Vo as the constant power
region. In the end, when v > vy, the system shuts down.

! Transition !
region

Maximum
wind energy |
capture region

Constant power !
region

1
I
1
I
1
I
1
I
L
I
I
I
I
I
I
I
I

wg

I I
I I
I I
I I
I I
I I
I I
L L

Voff .

FIGURE 5. Control objectives at different wind speed regions.

0

Vin Vmid  Vrated

In the above analysis, if the wind speed is within the
maximum wind energy capture region, the control is designed
to maximize the value of C, equivalent to the maximum
output power. A common solution is the optimal tip speed
ratio method [28]. On the basis of blade design and control
parameters of wind turbine, both performance and energy
capture are achieved.

B. SYSTEM CONSTRAINTS

In actual wind power generation systems, it is inevitable
to take the physical constraints into consideration. If not,
the system may violate the restrictions, leading to the
reduced lifespan of equipment and even operation accidents.
Therefore, in optimization control, it is indispensable to
impose constraints on variables to ensure the stability and
security.
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Generally, the constraints on wind power generation
system include the limitations on wind turbine rotational
speed, generator power output and the maximum torque of
the transmission system. By taking these into account, the
control algorithm can be optimized to ensure the safe, reliable
and efficient operation to some extent.

Consider the constraints on state variablesasx € X C R,
which can be formulated in detail as follows:

Wg min wge Wy rated
Wagmin | = | Wa | = | Da,rated (18)
Qmin 0 Qmax

In this expression, the vector on the left-hand side of the
inequality can be denoted as xmjn, and the vector on the
right-hand side is signified as xpax.

The input variables have constrains # € U € R™, which

are written as:
IBmin < ,B < ,Bmax
Tg, min | Tg - Tg, rated

Here, we make a representation that the vector on the
left-hand side is up;in, and the one on the right-hand side is

19)

Umax-
The constraint on output power P, is expressed through:
Pg,min = Pg = Pg,rated (20)

When the system operates in the constant power region,
seeing that the large rotational inertia of the rotor in wind
turbine and of the transmission system, it is hard for the
controller to respond quickly, and some minor deviations
beyond the hard constraints might occur. Thus, infeasible
error lies in imposing strict hard constraints on the rotor speed
and power. To address this issue, a soft constraint approach
can be adopted, where some slight deviations beyond the hard
constraints are permitted.

In this paper, it is assumed that the system rotor speed
and output power can exceed the rated values 1.05 times
to guarantee feasible solutions and better flexibility against
wind speed variations. Thus the constrains can be modified
as follows:

IA
IA

Wg min = Wg 1 ~05wg,mted

IA

Wa,min = Wg =< 1 ~05wa,mted

Pg,min = Pg = 1-05Pg,rated 2D
C. LYAPUNOV-BASED MPC DESIGN

In this section, LMPC will be employed in the wind power
generation system to achieve better performance. Assuming
that for all x € X, there exists a non-linear feedback control
law u = h(x) € U. It satisfies the state constraints under
the stability region w.r.t. control input u. The asymptotic
stability of closed-loop system should be ensured at the
nominal operating point. That is to say, according to the
inverse Lyapunov theorem, the following inequalities hold for
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the nominal closed-loop system [30], [31]:

B <V <px) (22
oV
afc)f ( h (). v) < —Bs (x]) (23)
A%
‘ 8(x) < B4 () (24)
X

where 8; (-),i = 1,2, 3, 4 represents the C-function, and is
a continuous differentiable Lyapunov function.

In this paper, the region where the controlled system
is stable under the input law ¥ = h(x) is defined as
£2. Particularly, 2, := {x € X:V (x) < p} indicates the
Lyapunov-based stability region.

Lemma 1: If there exist positive constants Ly, L,, L, L,
and M such that the constraints are satisfied for all x and u,
then the following inequalities hold:

If Ge,u,v) —f (X, u, V)| < Ly lx =X+ Ly [v—v] (25)
lf xc,u,v)| <M (26)
v (x)f o v) v (x)f E )

0x 0x

<Lelx =% +Ly[v—1| (27)

Proof: In terms of the Lipschitz property of function
f and the continuous differentiability of Lyapunov function
V (x), it is easy to derive (25)-(27). The details are omitted
for brevity. The proof is completed. [ |
To sum up, the optimization process of Lyapunov-based
MPC can be demonstrated by the minimization problems
below:
min
ueS(Ar)

tk+N
/ (15 @ =3 @I + 14u@)]}) v (282)
173

s.t. X (ty) = x () (28b)
XO=FED.u@)., 1) (28¢)
y) =hx @), u)) (28d)
Umin < U (1) < Umax (28¢)
Xmin < X () < Xmax
Pg,min =< i)g @) =< Pg,rated (28f)
Vv
%f () ute), v (k) < (28¢2)
aV
%f (x (1) s b (x (1), v (1)) (28h)

In this optimization problem, the objective function
JO,u)=|y—ys IIEI + ||Au||1% is introduced to be minimized;
S (At) represents a continuous piecewise function family
with sampling period At; # is used as the current time; X (#)
is the predicted states at time k; v is the predicted wind speed;
N is the prediction horizon. The optimization problem is a
formulation over the whole prediction horizon. y denotes the
predicted output; y, represents the desired target value for the
output variables based on the current states and wind speed;
Au indicates the change in inputs, i.e., the difference between
the current input and the one at the previous sampling time.
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q and p are positive definite matrices with ¢ = diag {q1, ¢»},
p = diag{p1, p2}. These matrices are set to weighing the
consideration in the control problem. It means, larger values
of g1 and ¢, emphasize the distance between output values
and target values, while larger values of p; and p; stress the
input variations.

In a word, the optimization (28) can be described as a
process of searching a sequence of inputs within a specific
sampling period from the current time k. Not only are all the
constraints satisfied, the objective function is also minimized
for the optimal performance. The solution will be updated as
time goes on.

The above objective function is rewritten as follows:

J G.u) = [Py — Pill;, + llwg — o}ll7,

+ 1 Au |y, + | Aua 7, (29)

In the equation, the first part of objective function represents
the difference between output power and target values, as well
as that between generator speed and target. Evidently, if the
outputs are equal to the target ones, the difference is zero.
The second part of the objective function suggests the
weighted sum of the changes in inputs. It takes the impact
of input variations on the system’s behavior into account.
By modifying the weighting matrices g and p, the sensitivity
of optimization process to different inputs/outputs can be
adjusted.

Based on the LMPC optimization strategy mentioned
above, in the maximum wind energy capture region, we use
the optimal tip speed ratio method to drive the outputs to
corresponding targets. In addition, it is a need to maintain the
generator speed and output power at their rated values, which
means the desired targets should be fixed as the rated values.
The details are shown in the follow-up:

AoptV
—5— V=< Vygte
; — = Vrated (30)
Wg rated V = Vrated
1 2.3
pr— anﬂR 1% Cp,max V = Vyated 31)
& Pg,rated V > Vrated

Remark 1: The optimization problem (28) involves find-
ing the input values that minimize the objective function
subject to certain constraints. We define constraints that
control the inputs and states to ensure that the system satisfies
the physical and performance constraints in operation.
An objective function which measures the performance of
the system is derived. The goal is to minimize the objective
function by optimizing the control inputs. To solve this opti-
mization problem, fmincon function in MATLAB is used to
find the optimal control input. The optimization problem (28)
is a nonlinear constrained optimization algorithm that finds
the minimum value of the objective function with constraints.
The first value of this input sequence is used as the input
for the next step and repeat this minimization process. The
specific design steps of LMPC are shown in Algorithm 1.
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Algorithm 1 (Lyapunov-Based MPC Algorithm)

Offline. Accurately model the state-space equations of the
wind power generation system, define the constraints for
the system optimization process, determine the initial
states xp and initial input ug, and define the system’s
weight parameters g and q.

Online.

1: Obtain the current wind speed and choose different
optimization goals and loss functions based on the
current wind speed magnitude;

2: Based on the optimization goal from step 1, find the
input u* (), u* (tg41) ..., u™ (tgrn—1) that minimizes
the loss function within the predicted time domain, while
satisfying the constraints;

3: Take the first input u* (¢;) from step 2 as the current
input applied to the system and obtain the updated state
variables;

4: Set k = k + 1, return to step 1, and repeat the process
until the program ends.

D. STABILITY ANALYSIS
The proposed LMPC algorithm regulates the system through
solving the constrained optimization problem (28). It is
necessary to prove the Lyapunov function’s decremental
property for the closed-loop stability analysis. Some suffi-
cient conditions for stability are conducted.

At first, we define a scalar:

Pmin = max {V (x ¢ +1£,)) : V (x (1) = p)}  (32)

where py is a scalar smaller than p. Therefore, ppi, represents
the maximum value of V (x (¢ + t5)) that can taken the next
sampling time when V (x (¢)) is less than p.

Next, a set of sufficient conditions for the system stability
are concluded as follows for our LMPC scheme.

Theorem 1: Assume that the inequalities (22)-(24) are
fulfilled. For the closed-loop system (15), controlled by
optimization (28), if x (p) € 2, and there exist constants
e > 0, p > ps > 0 such that the following conditions hold:

B - - £
—B3 (ﬂ3 ! (ps)) + LMt + Lyp < t_

S

(33)

where ¢ is the upper bound of wind speed variation within
the sampling period. Then, there exists p > pmin > 0, for all
t > to, guarantee the system states x (¢) remaining within the
stable region £, . .

Proof: Considering the closed-loop system at time ¢ €
[k, tk+1), the time-derivative of Lyapunov function can be
calculated as follows:

v (x ()

V@) =——f @, ul®),ve) (34
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Based on the constraints (28g), we can extend (34) to the
following inequality:

(())

V(X(t))< — S (x @), u@),v(®)
aVv
Mf( (t) » u (t) v (1))
3V(X(tk))

f (@), h(x @), v(n) (35)

Then by virtue of (27), (35) is rewritten as:

v
I f (e ) a0 v @0)

+ Ly [x (1) = x ()] + Ly v (1) = v (1)

Vix@) <
(36)

Due to (26) and the continuity of x (¢), it follows that within

one sampling period:
lx (1) — x ()| = Mig 37

From (23), it can be derived that:

aVv
D () e @y v = s (57 (o)
(38)
By substituting (37) and (38) into (36), we obtain:
Vo) = —ps (67 (o) + LMty + L (39)

If (33) is satisfied, then there exists a ¢ > 0 such that the
following inequalities hold:

V(x(0) < —tf (40)

S
It shows that when ¢ € [t, tx+1), the function V (x (¢))
remains decreasing. Integrating this inequality from time #
to time #;1, it yields:

Vxg) V() —e

Hence, it can be concluded that if x () € 2, then all
states x (f) remain in the stable region £2,, at time ¢ > #.
As well, the states x () will gradually converge to £2, ..
within a finite number of sampling times, and stay at this
stable region all the future time.

(41)

IV. SIMULATION EXPERIMENTS
A. WIND POWER GENERATION SYSTEM
In this section, a SMW wind turbine system, constructed
by the National Renewable Energy Laboratory (NREL) for
offshore system development [28], is taken to validate the
proposed LMPC algorithm. The specific parameters for the
simulation stem from [28] and are given in TABLE 1.
Besides, the soft constraints presented in (21) are followed,
with an upper limit increase of 5% applied to w,, @, and P,
additionally.

Note that, in our research, all the simulation experiments
are conducted using the same prediction horizon and
sampling time, namely N = 10, #, = 0.05s.
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TABLE 1. Parameters of a 5SMW wind power generation system.

Parameter symbols Values and Units

Ng 94.4%
Ny 97
)\opt 8.1rad
Ja 1.2 x 107kg - m?
Jg 543.11kg - m?
K 8.676 x 108N - m/rad
D, 6.215 x 106N - m/rad
p 1.225kg/m3
Ra 63m
Urated 11.4m/s
Cp,max 0.48
Wa,min 0.3595rad/s
Wa,rated 1.2671rad/s
Wg,min Orad/s
Wy, rated 122.9096rad/ s
Tg,min ON -m
Ty, rated 43095N - m
Omin Orad
Omax 0.01rad
Pg,rated 5 x 108
ﬁmin 0°
Bmax 90°

B. LMPC SIMULATION RESULTS UNDER LOW WIND
SPEED

The proposed wind speed model in Section II is considered in
the simulation. At the low wind speed stage, the mean wind
speed is described by a step function. It starts at 7.5m/s (time
= 0s), increases to 8m/s (time = 5s), and finally reaches 9m/s
(time = 20s). The turbulent wind speed v, is modeled through
truncated Gaussian distribution, with © = 0, o = 0.02 and
truncation amplitude v. = 0.1. It is randomly re-generated
every 0.5s, as shown in FIGURE 6.

As we can see, wind speed varies at different times
depending on the changes in average wind speed and
turbulent wind speed. Since the wind speed is not measurable,
the average wind speed is used for controller design purpose
and the changes of the wind speed is treated as disturbances.

9.5
gl e P
E
> 857
]
]
&
Z 8t Y
g
2
75— —— Actual wind speed v
—— Average wind speed v,
7 Il Il Il Il Il

0 5 10 15 20 25 30 35
Time(s)

FIGURE 6. Wind speed used in the simulation for low wind conditions.
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Under the low wind speed, the designed control aims
to gain the maximum wind energy. The optimal tip speed
ratio method is utilized, which maintain the pitch angle
close to 0° and propel the tip speed toward the optimal
value. To investigate the influence of different weighting
coefficients, the control parameters of objective function
below are selected in the simulations: output weight as
diag{1 x 1073, g5}, and input weight diag{1 x 103, 50}. The
value ¢ is taken from 4 x 107, 5 x 107 and 6 x 107. The
simulation results are depicted in FIGURE 7.

Some conclusions can be drawn from the result plots.
At the low wind speed stage, the control objective is to keep
the system stay in the maximum wind energy capture region,
and the system disturbed by turbulent wind can be effectively
controlled. It adjusts the states and outputs to the target values
within 5s to deal with the variations of mean wind speed.
Furthermore, fast response is acquired for the adverse effect
of turbulent wind. Thus there are slight changes take places
on the states and output power when turbulent wind changes.
Moreover, FIGURE 7 reveals the performance has been quite
affected by the weighting parameter g, which represent
the priority of adjusting the generator speed to the target
value. Obviously, as g increases, the rotational speed in
generator and wind turbine are both converge quicker to their
target values, whereas it also results in higher fluctuations on
variables such as generator torque, output power and twist
angle.

TABLE 2. Running time and average loss of different g, under low wind
speed.

Value of g2 Running time /s Average loss J
4 x 107 1.7408x103 2.9241x108
5 x 107 1.7211x103 3.1171x108
6 x 107 1.7331x103 3.3136x 108

Under low wind speed and different g, TABLE 2
presents two kinds of metrics to illustrate the performance
of controlled wind power generation system. It is shown
that there exists little difference on the running time.
Under low wind speed, a total of 900 iterations were
conducted, with an average time of approximately 1.9 sec-
onds per step for different weights. From the perspective
of single-step computational complexity, this speed needs
improvement. However, in terms of average loss, it increase
to a certain extent with the growth of ¢;. Additionally,
it is also related to the increasing fluctuation amplitudes
of some state variables and output power, as mentioned
above.

To demonstrate the effectiveness of LMPC compared
to regular MPC [32], we conducted simulation comparing
the two methods, as shown in FIGURE 8. To ensure the
fairness of the method comparison, we have to make the
consistent of the system models and guarantee that both
LMPC and MPC achieve their best performance. For the
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FIGURE 7. Simulation results of different g, under low wind speed.

consistent of the system models, both LMPC and MPC
methods utilize the 5 MW wind generation system with same
parameters as shown in TABLE 1. Additionally, external
disturbances during the system’s operation, represented in
the article by the turbulent wind speed component, are
identical for both LMPC and MPC methods, as illustrated
in FIGURE 6. To guarantee both LMPC and MPC achieve
their best performance, we do fine-tune on the selections
of both LMPC and MPC methods. Firstly, the control
costs are selected the same. Secondly, the best perfor-
mances are obtained by fine-tuning the prediction time
horizon N, the weighting matrix on outputs and inputs
(respectively represented by g and p). Finally, the LMPC
and MPC compared in a same figure to show the control
performance.

From the figure, it is evident that at the low wind speed
stage, LMPC provides a more stable control for the state
variables, with smaller fluctuations compared to MPC, and
it reaches the target values more quickly. However, this
comes at a cost, as the input fluctuations in LMPC are
greater than in MPC. Through the simulation comparison of
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these two methods, we observed that the proposed approach
exhibits characteristics of being faster and more stable
compared to regular MPC at the low wind speed stage.
This validates the effectiveness of the proposed method in
simulation.

C. LMPC SIMULATION RESULTS UNDER HIGH WIND
SPEED

At the high wind speed stage, the mean wind speed v, starts
from 20m/s (time = Os), decreases to 18m/s (time = 5s), and
finally reaches 16m/s (time = 15s). The random turbulent
wind speed v, is obtained through the same model as low
wind speed stage. The parameters are © = 0, o = 0.02
and truncation amplitude is v, = 0.1. Similarly, the turbulent
wind is re-evaluated every 0.5s. FIGURE 9 gives the wind
speed used in the simulation overall.

Based on the LMPC optimization strategy, at the high
wind speed stage, the maintenance in rated output power is
our control objective. In the simulation, the output weight is
denoted as [g1, g2] = [1 x 107, g2], and the input weight
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FIGURE 8. Comparison between LMPC and Regular MPC under Low Wind Speed.
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FIGURE 9. Wind speed used in the simulation for high wind conditions.

as[p1, p2] = [1 x 108, 50]. Also, different weighting values
of g5 are chosen from 1 x 108, 2 x 108 and 3 x 108.

FIGURE 10 draws the system responses under high wind
speed. In this case, when the system disturbed by turbulent
wind, LMPC strategy enables the output power to stay at the
rated value. What’s more, the settling time is smaller than
that spent under low wind, also indicating the fact that all the
responses tend to the targets within 2s. It is plain to see a faster
convergence at high wind speed stage. As well, the turbulent
wind brings about some slight changes of system states and
output power.

In addition, it yields the differences on performance,
since g varies. The rotational speed in generator and wind
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TABLE 3. Running time and average loss of different g, under high wind
speed.

Value of g2 Running time /s Average loss J
1x 108 1.1049x 103 4.1983x 108
2 x 108 1.1244x103 4.5792x 106
3 x 108 1.1323x 103 4.8161x10°

turbine have a quicker trend to their target values and lower
fluctuating magnitude as g, increases, whereas some faint
waves appear at the generator torque, output power and twist
angle. The comparison of performance metrics is summarized
in TABLE 3. It can be observed that, for different g;, the
spent running time remains relatively consistent with a total
of 500 iterations and an average time of approximately
2.2 seconds per step for different weights. However, the
average loss grows as ¢» increases. It can be attributed the
facts that the numerical rise caused by increasing g, and
the higher fluctuating magnitude of system states.

FIGURE 11 shows the comparison between LMPC and
Regular MPC under high wind speed. Similar conclusions
to those obtained under low wind speed can be drawn.
Under high wind speed, LMPC demonstrates more stable
control over the state variables and can reach the target values
more rapidly. Meanwhile, the input fluctuation amplitude of
LMPC is greater compared to MPC. This provides evidence
that the proposed LMPC exhibits faster and more stable
characteristics compared to regular MPC under high wind
speed.
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V. CONCLUSION

This work proposes a Lyapunov-based MPC framework,
which is utilized to address the nonlinear control issues
in wind power generation systems, and ensure the system
operation subject to specific constraints. Simulation exper-
iments on a SMW wind power generation system is given
to validate the feasibility and effectiveness of the designed
LMPC strategy under low/high wind speed. The results
demonstrate that the proposed Lyapunov MPC method can
achieve great robust stability and control performance on
the fast response to step-changing mean wind speed and the
resistance against stochastic turbulent wind. The proposed
method also has some shortcomings, even it demonstrates
some improvement in handling complex nonlinear systems
and external perturbations. For example, in real applications,
model uncertainties, time delays and stochastic factors
are unavoidable under network environment. The proposed
LMPC method fails to consider these factors and cannot deal
with these complicate circumstances. Thus, how to incorpo-
rate these model uncertainties and network induced elements
remains challenging problems for our future research.
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