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ABSTRACT
Intelligent Control of Vertical Axis Wind Turbines for
High Efficiency Energy Generation
By
Alexis Ruiz
Maintaining high power generation for small lift-driven vertical axis wind
turbines in a changing wind environment has not been well studied yet, due to the
challenges inherited from the unpredictable turbulent flow-blade interaction and complex
blade interferences. Herein, a fast online reinforcement learning pitch control using an
active programmable four bar linkage mechanism is proposed, making it possible for
turbines to quickly adapt to wind changes and maintain high power output in operation.
We formulate the pitching mechanism using a drag-link configuration with a variable
frame link length into an optimization problem and further solve it by the interior point
algorithm under a wide range of tip speed ratios. Then, a parameter explorative policy
gradient reinforcement learning method is designed for the turbine to adaptively tune the
frame link length. Since the design significantly reduces the number of parameters
needed to depict a whole pitch trajectory, the proposed online learning process can
converge quickly, making it capable of handling complex wind conditions in an urban
environment. The transient behavior overlooked in much of the literature is also studied.
Comparisons to two benchmarks have demonstrated that our proposed system has a
superior performance with an improvement in the coefficient of power of up to 30.5%.
The content reported in this thesis is based on the research activities that have led to a

journal publication [1].
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CHAPTER 1
Introduction
1.1 Motivation

Wind turbines are devices to harvest wind energy, which is one of the fastest-
growing renewable technologies. According to a report from the National Geographic
Society on wind energy, the global demand for wind power is very strong with an
expected compound annual growth rate of 5.2% from 2020 to 2027. The increasing need
for wind energy makes the study of improving the energy conversion efficiency of wind
turbines a hot research topic. Improvements can be made by the selection of wind turbine
type, wind farm turbine formation, and pitching controls. The latter, pitching controls, is
the focus of this thesis.

Wind turbines can be broadly categorized into two types — horizontal axis wind
turbines (HAWTs) and vertical axis wind turbines (VAWTs). Most of the installed large
wind turbines are still HAWTs as they are more efficient and reliable since their research
and development are more well established compared to their counterparts. However,
recent studies show that VAWTs have many advantages over HAWTs [2][3][4]. First, the
impression of the low efficiency of VAWTs was mostly predicated on passive turbines
without an active pitch control mechanism. Many recent studies have shown that VAWTs
with proper designs can achieve higher efficiencies than conventional HAWTs in
unfavorable wind conditions, such as gusty wind in urban areas [5][6]. It has also been
reported that wind farms with VAWTs can potentially achieve a power density that is an
order of magnitude higher than those with HAWTs [7]. Second, VAWTs are simple in

design and easy for manufacturing. For example, H-rotors use straight blades since they



rotate at the same speed, while HAWTs must have much more complex profile designs to
accommodate the effective wind speed difference along the span-wise direction. Third,
VAWTs operate omnidirectionally without a need for a yaw control system to redirect
the turbine towards the wind. In addition, their vertical rotational axis allows the
generator to be installed at the bottom of the tower; thereby, VAWTs require lighter
structures to support the wind load and are easier to install, operate, and maintain [5].
Aside from the listed benefits, the prevalent self-starting incapability associated with
VAWTs due to low torque generation at lower speeds has been extensively studied.
Abdolahifar and Karimian proposed a slotted blade design to increase output torque at
low tip speed ratios by reducing flow separation effects [2]. Celik et al. [3] investigated
the startup performance of J-shaped airfoils with varying opening ratios to attempt
improved self-starting abilities. Introducing pitch controls is another way to improve self-
starting capabilities by avoiding stalling at low tip speed ratios and minimizing negative
torque regions in operation [5][8]. Pitch control is also used to lower the load fluctuation,

reduce structural vibration, and alleviate dynamic stall [9][10][11].

1.2 Related work
Research for VAWTs without pitching control mechanisms is mainly focused on
design optimization and operation improvement. Islam et al. [12] studied the geometric
features of airfoils for straight bladed VAWTs and found that asymmetric airfoils are
advantageous for operations at designated low tip speed ratios. Zhang et al. [13] designed
a bionic blade with convex structures at the leading edge to deter flow separation stall for

an improved performance. Aside from airfoil designs, researchers also explored the



impact of the geometry parameters of turbines on their performance. For example, Tian et
al. [14] developed an Savonius VAWT with overlapped rotors and studied the influence
of distance between adjacent rotors on their performance. Cuevas-Carvajal et al. [15]
presented the influence of the turbine’s aspect ratio, number of blades, angle of attack,
twist angle, overlap ratio, and number of stages, on the performance of Savonius
VAWTs. Peng et al. [16] used metal grids of different materials to simulate varying
turbulent conditions. From there, they studied the impact of four variables (i.e., pitch
angle, solicit, aspect ratio, and turbulent intensity) performance of a VAWT and found
that pitch angle had the most impact on performance. Improvement on operation has also
been studied. For example, Chen et al. [17] implemented a deflector under unsteady wind
conditions and studied the varying parameters which improved performance. They
concluded tip speed ratio was the factor which contributed to increase performance in
their study. To facilitate testing of VAWTs, Santamaria et al. [18] designed an active
driving system to mimic the wind effect on the turbine for performance characterization
under various mean wind speeds, mean tip speed ratios, and fluctuation speeds and
frequencies.

Depending on the driving forces for spinning, VAWTs can be further divided into
two types, lift-driven, and drag-driven turbines. Building upon the extensive study of
airfoils for aircraft, lift-driven VAWTSs can achieve much higher efficiencies than those
powered by drag [19][20][21]. Hence, the increasing global demand for wind energy
cannot be fulfilled without continuous improvement in the efficiency of the lift-driven
VAWTs. There have been a lot of studies trying to improve the efficiency of lift-driven

VAWTs from many perspectives, such as blade and turbine design, flow control, profile



modification, blade number, and pitch control [22][23][24]. Since pitch control can
always be used to boost energy efficiency regardless of the design, this thesis focuses on
improving the performance of lift-driven VAWTs with pitch control mechanisms.

Pitch control can be implemented in either a passive or active manner. The
passive pitch control mechanism typically uses the inertial and aerodynamic forces acting
on the blade to dynamically adjust the pitch angle of the blades [25]. In the area of active
pitch control, the turbine blades can be either controlled individually by motors or
collectively with additional mechanisms. Due to the cyclic nature of the motion of all
blades with a fixed phase difference, individual control with multiple motors seems
cumbersome and requires a significant amount of power to constantly vary pitching
angles. Hence, collective active pitch control mechanisms are more popular, and the
commonly used mechanisms include 1) synchronized belt wheels driven by a motor [26],
2) eccentric cam with spools [27], 3) four bar linkage mechanism [25][28], and 4) the
eccentric disc mechanism [29]. More details on the summary of these different pitch
control mechanisms can be found in [30]. Among all these mechanisms, the four bar
linkage mechanism is the most popular due to its simplicity in design and
implementation, as well as low energy consumption.

As for the control methods, both the classic PID control and modern model-based
control methods are used for pitch control of VAWTs. Hand and Balas designed a PID
pitch controller based on two linearized models about two operation points. The
controller minimizes the error between the reference and the actual rotation speed of the
turbine [31]. The performance is dependent on the choices of points for linearization.

Model-based controllers are also designed for pitch control. For example, Camblong



developed a digital robust controller by using an average dynamics model for all
operating conditions [32]. Moradi and Vossoughi also proposed a robust control to deal
with uncertainties and compared the performance of H,, and PID controllers [33].
Considering the inevitable parameter uncertainties and unmodeled dynamics inherited
from model linearization and manufacturing deficiencies, multiple adaptive control
methods are used for pitch control of VAWTs. Sakamoto et al. developed a minimum
variance control to compensate for the parameter variations that caused changes in
system dynamics [34]. Hatami et al. proposed an adaptive control by combining a least
square estimator and a PID controller with adjustable gains to reduce the fatigue load of
small VAWTs [35]. To maximize power generation, optimization is also widely used to
obtain an ideal pitch trajectory for control. Abdalrahman et al. [36] studied the
aerodynamic performance of a 2D VAWT model at a variety of tip speed ratios by using
ANSYS Fluent Computational Fluid Dynamics (CFD) and further developed an open-
loop pitch angle controller with a multi-layer neural network. Li et al. [37] formulate the
relationship between blade pitch and power output by using five parameters. Based on the
formulation, optimal blade pitching is found from the genetic algorithm based on CFD
simulations. Paraschivoiu et al. [38] formulated the pitch trajectory as an analytical
polynomial function of the azimuth angle with unknown coefficients and used the genetic
algorithm to optimize these coefficients and further obtained an optimal pitch control
policy. In addition, some artificial intelligence methods are used to improve the operation
of VAWTs under various wind conditions. Abdalrahman et al. [36] designed a multiple-
layer artificial neural network-based controller by using the CFD simulated data and

compared it to the performance of a PID controller.



1.3 Contributions and thesis organization
However, the acrodynamics of VAWTs are extremely hard to simulate due to the
interference effect and turbulent flow caused by the upstream turbine blades over blades
downstream. Hence, many simulation-based offline training methods have limitations
inherited from the accuracy of the simulation methods used. Moreover, the wind is very
hard to predict and can change rapidly, especially in urban wind environments where
small VAWTs are used. Almost all wind turbines are designed to operate at an ideal
operation point (with a typical tips speed ratio) with the highest energy generation
efficiency and their efficiency decreases as the wind speed falls out of a designed
preferrable zone. To overcome this problem, we proposed a VAWT design with
reinforcement learning pitch control with a programmable four bar linkage mechanism.
The design of the pitch control mechanism is formulated as an optimization problem and
solved by using the interior-point algorithm. The programmable four bar linkage
mechanism will constrain the optimization problem within a suboptimal subspace and
presents a significant advantage in parameter reduction. It allows online reinforcement
learning to converge within a short time of around 30 seconds, making it suitable for
practical applications. The main contributions of this thesis are summarized as follows.
1) A programmable four bar linkage mechanism for pitch control of small lift-
driven VAWTs is proposed. It significantly reduced the number of parameters
needed to describe a complex pitching trajectory and allows us to use only one
variable to achieve desired pitch controls.
2) An optimization formulation to design an active programmable four bar

linkage mechanism with a length-varying frame link in a drag-link



configuration for VAWTs is proposed, making it possible to achieve a quick
closed-chain linkage design that can produce pitching trajectories.

3) Based on the programmable four bar linkage mechanism design, an online
reinforcement learning control is proposed, which enables the turbine to have
the intelligence to adapt to wind changes.

4) The start-up transient performance of the proposed turbine design with
reinforcement learning is analyzed and compared to systems with a constant
pitch angle and those with a fixed four bar linkage pitching mechanism.

The rest of the thesis is organized as follows. In chapter 2, the preliminaries on
load analysis, fluid analysis, and dynamics of VAWTs will be introduced. In chapter 3,
the system design optimization and intelligent reinforcement learning control are
presented. In chapter 4, the results of the system’s performance in response to both
constant and varying wind conditions, as well as its self-starting performance are
provided. Comparisons to other VAWTs in both steady and transient behaviors are

provided. The conclusion and possible future work are drawn in chapter 5.



CHAPTER 2
Preliminaries
2.1 Dynamics of VAWTsSs

The dynamics modeling of a VAWT involves two parts, 1) dynamics of turbines
given the resultant acrodynamic forces, and 2) aerodynamics concerning the interactions
between airflow and turbine blades. Herein, the turbine dynamics will be introduced first
and followed by the blade aerodynamics.

Figure 1 shows the load analysis of a three-blade VAWT with a pitch control
mechanism. Two coordinate frames are defined to explain the generation of aerodynamic
forces and their applications on the turbine. The ground fixed frame is defined to have its
origin located at the center of the turbine, the X-axis with a unit vector { pointing down
the free wind stream, the Y-axis with a unit vector j perpendicular to the free stream, and
Z-axis with a unit vector k determined by the right-hand rule. The rotation frame of each
blade is defined to have its origin at the end of the arms, the normal unit vector é,

pointing towards the origin along the arms, and the tangential unit vector &, perpendicular

to é,. U = Ui is the free-stream wind.



Free Stream Wind

U

Figure 1: Load analysis of a three-bladed VAWT with a pitch control mechanism.

The wind that flows across the surface of a turbine blade is a composition of local

stream wind 7 = ui and the induced wind due to the rotation of the turbine V = Vé, =
rwé;, and it is given by

W =ul+Ve, = W,é, + W,e, (1)
where the tangential component W, = u cos 8 + V, and the normal component

W,, = usin @, and 6 is the azimuth angle. The base angle of attack a due to the rotation

of the turbine can be calculated by

u .
W, usin@ 77siné
@, = tan™! (—n> =tan~! (—) ==tan™! uU— ()
W, ucosf +V 7 cos 6 +2
where A is the tip speed ratio defined as
|4
A=— 3
- )

For a VAWT with pitch controls, its effective angle of attack is



a=ay+46 4)
where § is the pitching angle. The aecrodynamic lift and drag on each blade can be

calculated by using

1
L= EPWZSCL
2 5)
D =2 pW2SCp

where the S is the wing area of each turbine blade (e.g., S = ch for a straight blade with a
chord length of ¢ and a height of h), and C; and Cp are the lift and drag coefficient at the
angle of attack a, respectively. These coefficients are normally drawn from experimental
data. The aerodynamic force can be written in its normal and tangential components as
F= (Lcosa + Dsina)é,, + (Lsina — D cos a)é; (6)
The torque can be calculated by using the tangential force as
T=7xF = (Lsina—Dcosa)k @)

Then, the torque coefficient for a single blade can be calculated by
1 (8)

where A is the frontal area of the VAWT and A = 2rh. The power coefficient is

TWw

C, =
pb 1 9

where w is the angular velocity of the turbine. Due to the interference effect, the wind
speed across the wind turbine is not constant; therefore, load analysis by itself is not
enough to calculate the power coefficient and will be used together with fluid analysis (to
be introduced in the following section) for detailed calculations of the aerodynamic

forces and power coefficient.
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2.2 Double multiple streamtube model

There are many simulation packages we can use to simulate the acrodynamics of
VAWTs, including numerical models and many analytical models, such as blade element
momentum theory [39], streamtube models [40][41][42], and vortex models [43]. For
steady wind conditions, CFD-based models can provide accurate calculations for detailed
flow and pressure information over the surface of turbine blades and the load distribution
on the whole turbine. While CFD methods can provide more accurate flow distributions,
it is too computationally expensive to be used in a real time control system. On the other
side, streamtube models divide the flow field into discretized streamtubes, and the flow
within each streamtube will be summed together to give overall results. Streamtube
models that can provide fast calculation of aerodynamic forces are more attractive for
control system designs. Depending on how the domain is discretized, several variations
studied include single streamtube (SST) [40], multiple streamtube models (MST), and
double multiple streamtube models (DMST) [42]. Among these models, the DMST
model divides a wind stream into upstream and downstream half-cycles for separate
calculations to improve accuracy. Although DMST assumes zero expansion of the
streamtubes and neglects the wake effect on blades in the downstream half-cycle, it
considers the energy loss of flow throughout the upstream and downstream half-cycles.
DMST provides a fairly accurate overall mean calculation, making it one of the most
popular methods for the design and analysis of VAWTs. This thesis focuses on
improving its performance through intelligent control, the relative improvement of the

proposed method with existing methods is more important than the absolute accuracy of

11



load distribution on the blades. Hence, the DMST model is used for simulating the
aerodynamics behavior.

As illustrated in Figure 2, DMST is a method based on the blade element
momentum theory, it divides the rotor plane into upstream and downstream half-cycles.
The flow through the turbine is discretized into N streamtubes (bounded by the

horizontal lines), which divide the rotor circumference into 2N arcs of equal length s =

r8g, Where 8y = Nl Due to flow expansion, we can define the wind through the turbine
S

in five states, including the freestream state, upstream half-cycle interaction state,
equilibrium state, downstream half-cycle interaction state, and the downstream wake

state. The wind speeds in these states are defined as U, u4, u,, u,, and u,,, respectively.

=

= -

Upstream Half Cycle 1 Downstream Half Cycle

—
st

| |
[
' //(\ (p AN
I y AN I / S |
| Sl F1 /: \\\ ,/, F \ 2 I
1 \ / 2\ I
| ~s~~ \ I / ‘,—’ \ |
U I ! ~~~~ A"/ —”” } |
-~ -
— rw! 59 b e I 1
| A AN
I \ -7 N TS I I
\ AN BT, I
: - G e
[ \ / AN / [
Y I \ l, \\ // |
I \4\ / I \\ // [
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1 =~ - I

(a) Streamtube discretization
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Disk 1 - Disk 2

k.
|
I
N

(b) States of flow in a streamtube

Figure 2: Schematics of the DMST model for flow simulation.

Assuming there is no flow exchange between streamtubes, conservation of mass
is considered, i.e., the mass flow of each stream is constant, that is
m = pu,S; = pu,S, = const (10)
where the swept area of the streamtube i in the upstream and downstream are

{ Sy =1rdgsing,if ¢ € (0,7] (11)

S, =1r8g(—sing),if ¢ € (m,2m]
where ¢ is the azimuth angle of the center of the blade element in a streamtube.
According to Newton’s second law of motion in terms of momentum, the force exerted

on the blade element throughout each half-cycle of a streamtube can be determined as

F1 = m(U - ue)
. 12
Uy 2, e 12
Applying the work-energy principle, we also have
1

Em(u(% —-U?) = -Fu,
(13)

Em(u\i —ud) = —Fu,

13



Let us define the interference factor A; = % and A, = %, then using Eq. (12) and

(13), the velocities for different states can be written in terms of the free stream velocity

and interference factors as

u; =AU
u, = (24, — DAU
u, = (24, — 1)U
u, = 21, -1)2A4 - 1)U

(14)

Combining Eq. (12) and (14), the thrust coefficient at the streamtube can be
calculated by

i

CFL'=1

7 Poi

To accommodate the inadequacy in the unidirectional flow assumption below 1 =

0.6, Glaurt’s linear modification for the thrust coefficient calculation is given by,

1849 264,; < 43
—_—— i JR—

¢, =900 15 801, 16)
4‘&1(1 - Al) : Ai > 5

To solve for the interference factors, we will also need the thrust coefficient in
another expression calculated from load analysis to establish equations. Here, the lift and
drag coefficients are used to calculate the instantaneous thrust each blade element

receives, which is given by
1. : .
fi =§pWi c(C,sinB —Cpcosp),i =12 (17)

where c is the chord length of the blade and f = 0 — a,, and W; and W, are the resultant
wind velocities of the blade element in the upstream and downstream half-cycles

respectively. Then, the averaged thrust force in a streamtube can be calculated by

14



Nb59

fli - ' (18)

Combining Egs. (11), (17), and (18), the thrust force coefficient of the turbine

produced by the streamtube can be found by

{ o W2
Cr, = —ind U2 — (C,sinB — Cp cos B)
2 (19)

—0 Wz
R = s UZ(2A, — 1) CLSinB = Cpcosf)

where ¢ is the solidity defined as the ratio of the blade area to the swept area of the

turbine given as

Nyc
o =— (20)
2r

Comparing Eq. (15) and (19), the interference factors, 1;and 4, can be calculated. With
the interference factors, we can use Egs. (1) — (9) to calculate the power coefficient of
each blade. To measure the performance of the turbine, the period averaged power

coefficient of a turbine with N, blades is

-z, 26

)] do Q1)

2.3 Dynamics and load control
The dynamics of the turbine can be obtained following Newton’s second law in

the form of rotational motion, given as

. (%) (t—1) (22)

where [ is the mass moment of inertia, and 7; is the load given as a resistive torque. A

PID controller is used for load control, and the load is given by

15



tf
T, =T+ kpe+ kl-f edt + kyeé (23)
0

where the error e = A — A, with A, being the optimal tip speed ratio, and 7, will be the

reference load and has the same value of the torque at the optimal tip speed ratio.
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CHAPTER 3
Intelligent reinforcement learning control
3.1 Overall control architecture
The overall reinforcement learning control architecture is shown in Figure 3. The

system is composed of the environment and agent. The environment refers to the VAWT
system in reality. In the simulation, it will be represented by a digital twin of the VAWT.
The agent is the reinforcement learning controller — policy gradient with parameter
exploration. It is composed of parameter updates, perturbation draws, and policy updates.
Herein, the policy will be governed by the programmable four bar linkage mechanism,
which provides an effective way to represent a complex pitching trajectory by only using
one parameter. Details about these blocks in the architecture block diagram will be

explained in the following sections.

Environment
. VAWT .
g8 ¥ =R
SEEo AN 29
[ & 2
2E o Pxo =3
\h’//
Actions a; Rewards r;
Agent
Policy update @)
=
e = B
< e 2 C
K E a E 2
= <:I =1 <jo s%<):'
o = = =
= o 2 (¢]
5% o 7]
< =
=]

Figure 3: The overall architecture of the proposed control system for VAWTs with an
active programmable four bar linkage mechanism.
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3.2 Programmable four bar linkage based pitching policy

As summarized in the literature review, the four bar linkage mechanism is one of
the most promising ways for collective pitch control. Here, a programmable four bar
linkage mechanism is proposed to formulate a more complex trajectory such that higher
performance can be achieved. As illustrated in Figure 4, the programmable four bar
linkage mechanism is composed of the rocker OC with an adjustable length, two bars
with fixed lengths |OA| = r and AB, and the length of bar AB will be optimized to ensure
that the mechanism can lead to an optimal pitching trajectory for the turbine under study.
Note that, strictly speaking, the mechanism should be called a two degree of freedom
(DOF) 5 bar linkage mechanism. But, since the system actively seeks for an optimal
length of bar OC and it is equivalently a four bar linkage mechanism in steady state

operations, we still call this mechanism a programmable four bar linkage mechanism.

Figure 4: Top view of a VAWT with a programmable active four bar linkage
mechanism.

18



From the geometric constraints between the four bars, we can establish the
relationship between the input (rotation motion of bar OC) and the output pitching angel

(i.e., &), which is given by

g+ T 'fn<,6'+ <3T[
V=5 f oSB+y<—
5= 2 2 2 (24)

T
5~ B +7y) otherwise

where
2, + 12, — 2
B = cos~ ( 0a T lic oc> 25)
2lOAlAC
12y + 12 — 12
y = cos~! ( AB T lic BC) (26)
2lABlAC
Vs
Lic = \/ 12, 4 12, — 2lpaloc cOS (E +6-— 1/)) 27)

Among various configurations for a four bar linkage mechanism, the drag-link
configuration is suitable for this application. In this drag-link configuration, [, is the
shortest link, i.e., lopc < min{lpy, lap, lgc}. To provide a wide range of pitching angles
and avoid singularity, [z is chosen to be the longest link, i.e., lgc > max{lyy4, lag, loc}-
Then, the following inequality need to be satisfied,

loc +lpc < lap + loa (28)

By changing the length of the bar OC, the pitching trajectory can be changed.
Figure 5 illustrates how the link lengths of [, and [, affect the pitching trajectory. A
visual representation of the relationship between the length of OC (i.e., [y) and the
corresponding pitching trajectory is shown in Figure 5(a). We can see that the shape of
the pitching angle can be significantly changed by adjusting [,.. The phase shifts of the

pitching trajectories can be controlled by changing the phase angle of the four bar linkage
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mechanism 1. The length of the bar BC mainly affects the offset of the pitching
trajectory. As illustrated in Figure 5 (b), the offset of the pitching trajectory is increased
from about -22 degrees to 22 degrees as we increase lg- from 13 to 16 cm. Combining
the effect from [y, Iz, and Y, more complex trajectories can be formed, a more detailed

discussion will be provided in the following section.
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(a) influence of [, on the pitching trajectory given lpy = 12.7cm, lyp =
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Figure 5: Influence of link length on pitch trajectories
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3.3 Design optimization

A two-phase process is used to show the effectiveness of using this proposed four
bar linkage mechanism for pitch control of small lift-driven vertical axis wind turbines.
First, we will find the optimal tip speed ratio, optimal design of the proposed pitching
mechanism (i.e., [, and l5), and optimal pitching trajectory in terms of [y, by
maximizing the power coefficient. Then, we will find the optimal length of the frame link
loc for a wide range of operation conditions, showing that a high power coefficient can
be maintained by adjusting the length of [,.

In the first phase, the pitching trajectory will be expressed in terms of [, which
is a function of the azimuth angle 8 and formulated by using a general piecewise cubic

spline function with uniformly distributed discretized points, i.e., 84, -+, HNp =

21

0:

: 21, that is,
Np-1

loc(8) = spline ((91'951)' " (HNp»pr)) (29)

LetP = {A, Lag, lgc, W, x4, XN, } be a set consisting of all the parameters to be

optimized. The optimization problem can be formulated as follows,

arg(P) max] = C,

( .
loc(0) = spline ((Hl,xl), ---,(HNp,pr»
x1 = pr

max(loc(e)) <l <lpa
lgc > loa
max(loc(e)) +lge < loa+ U
0<y<2m
\ A< A< Ay

(30)
Subject to 1
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where C, is the power coefficient and a function of 6, pitching angle §, and tip speed
ratio A. lpy =1 = 12.07cm, N, = 10, A_ = 0.01, A, = 3. This optimization problem
will be further solved by using nonlinear programming with the interior point algorithm,
due to its ability to solve constrained optimization problems with low computational cost.
With the constraint of the four bar linkage mechanism, the pitching trajectory is
constrained within a subspace. To validate the effectiveness of the proposed optimization
method, we compared the result with an optimal result without the constraints of the four

bar linkage mechanism. In this situation, the parameters to be optimized are
{/1, X1, XN, }, the same nonlinear programming solver is used to solve the problem.

In the second phase, the optimal length of [, for tip speed ratios ranging from 0.1
to 3.0 with a step of 0.1 are found by using the optimal design found from the first phase.
The optimization problem is formulated as follows,

arg(loc) maxJ = Cp (31D
Similar to that in phase 1, this optimization problem is also solved by using

nonlinear programming with the interior point algorithm.

3.4 Online reinforcement learning control
Since our proposed programmable four bar linkage mechanism only requires one
variable (i.e., length [y of the bar OC) to achieve complex pitching trajectory controls, it
is possible to design an online reinforcement learning method to ensure the turbine can
always adjust itself towards the best possible energy conversion efficiency within the
subspace defined by the active programable four bar linkage mechanism. Note that, due

to VAWTSs’ ability to omnidirectionally operate, the orientation control can be easily
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achieved by adjusting the constant initial phase angle (i.e.,ip) and can be done
independently. Thus, it is not considered in this thesis.

With the pitch control trajectory defined by the active programmable four bar
linkage mechanism, it is natural to employ a policy gradient based method for online
reinforcement learning control. Herein, a recently developed policy gradient with
parameter exploration is used. In the PGPE algorithm, the parameter (i.e., [y¢) is treated
as a random variable following a normal distribution l,c~N(u, 62). Parameters u and
will be updated according to the history of explorative trials. As briefly mentioned in
Figure 3, in the environment-agent paradigm, the environment represents the turbine in
operation, which provides rewards and observations to the agent, and according to the
historical action-reward pairs {a;,1;},i = 1,--+, N}, the agent will generate a new action
a.. Under steady wind conditions, since the states of a VAWT are fully determined by
the previous state and action, and the control action only depends on the current state and
the parameter, the requirements of PGPE for the system to be Markovian and stochastic
policy suffice. The expected rewards with given parameters ¢ = {i, g} can be written as

the following double integral over the whole history space H and parameter space 0,

J(o) = f@ f}[ p(9,€lo)r(9)do dé (32)

where p(9, &|p) is the joint probability of a state-action pair history 9 = {a;,1;},i =
1,-:-, Ny, and a random parameter draw ¢ given parameters o, and r(9) = Itvzhl Tt

represents the cumulative reward over history (e.g., a cumulative reward for a whole

rotation cycle 8 — 0~2m). The gradient of /(@) can be written as
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Vo) (0) = f@ f}[ V,p(6,£]0)r(9)d d (33)

Since V,p(9,§l0) = p(¥,§10)V, logp(¥9,¢|e), and 9 is conditionally independent of o

given a random draw ¢ (i.e., p(9, &lo) = p(¢éle)p(¥|€)), Eq. (33) can be written as

V,/(0) = f@ f}[ V,p(8, €l0)r(9)ds dE

H

_ logp(d|$)
—f@ f}[ p(le)p@I§)V, <+ logp(ﬂg))r(ﬁ)dﬁ dé

:f@ f plo)p@1$)V, logp(§lo) r(9)dd d§
H

Since integrating over the entire space is not realistic in practice, the sampling
method can be applied to find a gradient estimator. Starting with a random draw ¢ from
p(&|o), & is applied to generate a history 9 from p(9|&). Then, the discrete approximator

of Eq. (34) can be written as

H
1
V(@) =3 ) Vologp(Ele) (@) (35)
t=1

where H is the length of history. Since ¢ = {u, 0} and ¢ € N(u, 0), assuming all
parameters in & are independent, i.e., &; € N(y;, g;), we have

_(Gi—m)?
e 29 (36)

p(&ile) = Voo

and further, we can find
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Yy logp(Sile) = g ;zyi
g2 7
Y, logp(éle) = )

i

Although this approximation can approach arbitrary accuracy given enough
samples, a lighter version of the gradient estimator by sampling with a baseline is used to
update the parameters. If the step size a; is chosen as ag? in a positive gradient direction,

the parameters can be updated by

Ap; = a(re — b)(6; — ;)
6; — w)* —af (38)
i

Ao; = a(ry — b)

where a is used as the learning rate of the algorithm.
Let us define the reward history = [r, — b]7, the history of offsets from the

mean value in random draws T = [Ti't] = [fl-,t — ,ui], and the history of deviations of

(fi,r—ﬂi)z—ﬂ

2
random draws S = [Si,t] = [ = - ], then, the parameter update law can be further

written in the following compact form as

{y —u+alr (39)

o« o+ aSr

To reduce the dependence of convergence on the absolute value of the difference
between the reward and the baseline, normalization is used when updating the

parameters, given by,

a
Ueu+ Tr

S
m-—>b r

o« o+
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CHAPTER 4
Results
4.1 Simulation setup

Simulation is used to verify the effectiveness of the proposed pitch control
mechanism and intelligent control algorithm of the VAWT sketched in Figure 6. The
simulation is based on a 2D model due to its good accuracy in calculating aerodynamic
forces for blades with high aspect ratios. Although a 3D model considers the tip vortex
effect and provides a more realistic simulation, it comes with a higher computational
cost. Moreover, the control strategy is based on the measurement on coefficient of power,
the choice between a 2D or 3D model doesn’t affect how the control system works. The
program made for optimizing the four bar linkage was written using MATLAB. The
aerodynamics is simulated using the DMST model. The implementation of the DMST
model is developed in the package “VAWT Analysis” by David Vallverdu written using
MATLAB [44]. Note that the calculations are based on the lift and drag coefficients
calculated from XFOIL, the power coefficient values are good for relative comparison,
but the values may be different if more accurate or experimental lift and drag coefficients
are used. The learning rate used for all tests is 0.02.

The main features of the VAWT used in this thesis are provided in Table 1.

Simulation is used to verify the effectiveness of the proposed active pitch control system.
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Figure 6: Top view sketch of the VAWT.

Table 1. Main features of the VAWT.

Rotor Radius (ly4) [cm] 12.07
Height (h) [cm] 254

Blade number (N,) 3

Airfoil profile NACA 0021
Length of link AB (I,5) [cm] 5.08

4.2 Pitch mechanism optimization
To show how well the pitch mechanism can form pitching trajectories, we first
find the global optimal pitching trajectory without considering the constraint from the
four bar linkage mechanism, and the result is given in Figure 7. It can be seen that a

maximum power coefficient of 44.11% is achieved with an optimal tip speed ratio

A=1.722.

27



0 45 90 135 180 225 270 315 360
0[deg]

Figure 7: Optimal pitching trajectory without the four bar linkage mechanism (optimal
A =1.722 with C, = 44.11%).

The comparison between the optimal pitching trajectory found by using the
proposed method to the global optimum is given in Figure 8. Here, in Figure 8(a) we can
see that the two pitching trajectories are very similar. The maximum power coefficient is
38.57%, which is only 5.54% less than the global optimal results. The optimal tip speed
ratio is A = 1.59. The optimal four bar linkage design is found to have [,z = 8.90 cm,
lgc = 14.98 cm, Y = 261.42 degrees. From Figure 8(b), we can see that the trajectory
of [y varies smoothly between 1 cm to 4 cm as a function of 8 and can be controlled by

using a linear motor or motor driven lead screw.
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Figure 8: Comparison of the optimal pitching trajectory from the four bar linkage
mechanism with the globally optimal result.

The optimal length of [, for a wide range of tip speed ratios are shown in Figure
9(a). The optimal power coefficient is found to be 26.10% with A = 1.87 and [y, =

2.10cm with a pitch trajectory shown in Figure 8(b). It is important to note that the
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optimal [, decreases monotonically as tip speed ratio increases. This will ensure the

optimum can always be obtained and the result is unique.
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/
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(b) optimal pitching trajectory at A = 1.76

Figure 9: Configurations of [, for optimal performance.

4.3 System performance

The proposed VAWT design with an active programmable four bar linkage

mechanism and the corresponding control system is tested under both constant and

varying wind conditions. Since the turbine’s response to wind direction changes can be
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easily accommodated by adjusting the initial phase angle of the turbine, only wind speed

changes are considered in this study.

4.3.1 Case I: Constant Tip Speed Ratio

System performance under a constant tip speed ratio. Figure 10 shows the
system’s performance under a tip speed ratio of 1.87, which is also the optimal tip speed
ratio for operation. In this case, the wind speed is set to 10 m/s, and the distribution of the
frame link length [, is initialized as Gaussian with a mean of 3.31 cm and a standard
deviation of 0.5cm. These initial values were purposely chosen to have a discrepancy
from the optimal solution [, = 2.07cm as shown in Figure 9. The mean and standard
deviation of the parameter . are both updated after each episode according to the
history of rewards in 10 cycles. The reward is defined as the mean of the power
coefficient in a cycle. The convergence is found when the changes in the mean (blue
dots) and the standard deviation (shaded purple area) stagnate. We can see that the
system converges to an optimal power coefficient of 0.261 in about 60 episodes, which is

equivalent to 25.61 seconds in reality at a rotational speed of 147.15 rad/s.
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Figure 10: Performance under a constant wind speed with histories of [, and reward.

After that, we further test the system’s performance under a wide range of wind
conditions with the tip speed ratio ranging from 0.1 to 3. The histories of the rewards and
length of [, are shown in Figure 11. Similar trends to that in Figure 10 can be observed
for these tests under varying wind conditions. In all tests, we see the baseline rewards and
the distribution of [, converge. It can be seen that the system can always converge to an
optimal power coefficient within 100 episodes, which is 42s at optimal tip speed ratio
seconds in real time. Here, the initial guesses for all cases are given as the midlength of
loc = 3.31 cm to show the effectiveness of the algorithm. Carefully selected initial
guesses can result in a faster convergence rate. This effect is observed for the test with tip

speed ratio of 1.2 where the initial length is nearest to its optimum.
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Figure 11: Performance under constant wind speeds with tip speed ratios of 0.1, 0.6,
1.2, 1.8, 2.4, and 3.0.
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4.3.2 Case II: Constant Wind Speed Performance
Startup performance under a constant wind speed of 10 m/s. Self-starting
capabilities have been an issue for VAWTs without a pitch control mechanism, here, the
start-up performance under a constant wind speed of 10 m/s is given in Figure 12. Using
the same initial parameters as those in tests of Case I, we can observe the turbine has the
self-starting capability in contrast with fixed pitch VAWTs which have low and negative
power coefficients at low tip speed ratios. As we can see that the maximum reward
(power coefficient) can be reached in 35 episodes, which is equivalently 15.2 seconds in

reality.

[

[N}

oo
Reward

% 1-0.1

T T i Ty
WETICOIO IO NSRSy

: : : : r-o.z
0 20 40 60 80 100
Episodes

(a) history of reward and frame-link length [,
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Figure 12: Startup performance with pitch and load control at constant wind speed.

4.3.3 Case III: Varying Wind Condition
System performance under varying wind conditions. This case simulates the
performance of wind turbines from the start to tracking under varying wind conditions.

Since the public wind data from weather stations are recorded every several minutes, the
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system converges long before the next wind data point is available, making it difficult to
see the transient behavior. Hence, instead of using those data, artificial wind information
shown in Figure 13(a) is used to test the effectiveness of the proposed pitch control
system. The wind profile captures a type of wind speed change cycle from a medium
speed of 15.73 m/s to a relatively high speed of about 18.49m/s and later slows down to
7.08m/s. From Case II, the proposed control system converges in about 35 episodes (i.e.,
350 cycles), which is equivalently 12 seconds in reality. This will allow us to test the
performance of the system more thoroughly since more variations will be experienced
within a much short time. If this system works under this condition, it implies the system

will work in the reality.
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Figure 13: System performance under varying wind conditions.

4.4 Comparison to alternative methods

To further validate the improvement of the proposed system, its performance is
further compared to a turbine with the same configuration but with a constant pitch angle
of 5 degrees, and another identically configured turbine with a passive four bar linkage
mechanism for pitch control with a frame link length of [, = 1.5cm, which will be used
as the initial value of our system as well. The comparison of the operation of the three
VAWTs at a wide range of tip speed ratios of A ={0.1, 0.6, 1.2, 1.8, 2.4, and 3.0} is
shown in Figure 14. We can see (1) for both four bar linkage systems, they can hold a
positive coefficient of power throughout a broad band of tip speed ratios; however, the
system with online reinforcement learning controls is always able to have a higher
performance; (2) the turbine with a constant pitch has a negative power coefficient for a
wide range of tip speed ratios, implying the turbine doesn’t have the self-starting

capability; (3) both the turbine with a passive four bar linkage mechanism and ours have
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self-starting capability since their power coefficient is always positive, and our method
performs much better than that of the system with a passive four bar linkage pitching
mechanism; and (4) the turbine with a passive four bar linkage pitching mechanism only
has a good performance at a specific tip speed ratio (e.g., A = 1.8), which is inherited
from the design and it has a poor performance outside a very small region near the
designed optimal operation point; and (5) our proposed design actively seeks for the
optimal design within a subspace defined by pitching mechanism; hence, the best

possible performance can be maintained regardless of the tip speed ratios.
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Figure 14: Comparison in system performance between our method, passive four bar
linkage pitching mechanism, and a fixed pitch angle at tip speed ratios of 0.1, 0.6, 1.2,
1.8,2.4, and 3.0.
The transient performance of the three VAWTs is also compared and the results
are shown in Figure 15. All three turbines use the same load controller. The passive four

bar linkage pitching mechanism is assumed to have a fixed frame link of 1.5 cm. We can

see that the turbine with a fixed pitching angle (colored in yellow) is not able to self-start,
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the power coefficient has a peak at the beginning and then drops rapidly to about 0.07
and stays there. The turbine with a passive four bar linkage mechanism can reach the
optimal tip speed ratio quickly within 1 second and reaches a maximum power very fast
with some overshoot and then settles down at a constant C;, =0.20. Although it takes our
system a longer time of about 15 seconds to reach a maximum power coefficient and the
desired tip speed ratio compared to the turbine with a passive four bar linkage
mechanism, our proposed system can reach a much higher power coefficient of 0.261,

which represents a 30.5% increase.
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CHAPTER 5
Conclusion
5.1 Conclusion and contributions

One of the contributions made in this thesis is a description of a variable pitching
trajectory by using only one parameter, which is the length of the frame link of the four
bar linkage mechanism. For a static wind environment, increasing the number of
parameters for describing the pitch trajectory gives it a more flexible representation. This
may lead to an increase in the ultimate coefficient of power. However, in a dynamically
changing urban wind environment, the primary goal is to shorten the convergence time
such that the pitch control can adapt quickly to the wind changes to maintain a high
performance. Hence, we minimize the parameters for the control policy.

Besides the control policy parameters, we also consider the parameters pertaining
to the wind conditions, including the wind speed, direction, fluctuation frequency, and
fluctuation amplitude. According to the work from Chen et al. [17], tip speed ratio was
the dominant factor which impacted the performance of a turbine. Given an operation
state, the tip speed ratio only depends on the wind speed, which is the wind parameter
considered in this thesis. Also, due to the omnidirectional operation capability, VAWTs
do not need a complex steering mechanism like HAWTs to turn the turbine into the wind.
Accommodations to wind direction changes are done by applying a phase shift to the
pitching control commands. This can be done instantaneously, and therefore will not
affect the pitching control.

The proposed method relies on the measurements of power coefficient to adjust

the governing parameter (i.e. length of the frame link) of the pitch trajectory. This control
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method works regardless of the choice in airfoil shape. The symmetric airfoil NACA
0021 is selected for demonstration due to its wide utilization in existing literature. The
proposed system also works for turbines with asymmetric airfoils and can be seen as a
method to boost the performance of VAWTs without an effective and adaptive pitch
control mechanism.

This thesis presents a VAWT design with an active programmable four bar
linkage mechanism and online reinforcement learning control method to help VAWTs
maintain high power generation under changing wind environment. The high
performance is achieved by controlling the pitching angles of the blade to follow an
iteratively updated control policy. The iterative process governed by the reinforcement
learning ensures the parameters are updated towards an increasing coefficient of power.
The proposed design significantly reduced the number of parameters needed to describe a
complex pitch trajectory by constraining the trajectories in a subspace governed by the
kinematics of a four bar linkage mechanism. The optimized design allows the system to
reach and maintain a high power coefficient for a wide range of tip speed ratios. Due to
the great reduction in the number of parameters, the maximum power coefficient can be
achieved by the reinforcement learning algorithm within a short time, which makes it
appropriate to be implemented in reality. By comparing both the steady state and
transient performance of our proposed system to another two identically configured
turbines, one with a fixed pitch angle and the other with a passive pitch control
mechanism, we demonstrated that the proposed design can always achieve a much higher

power coefficient. It is also demonstrated that, by using a varying length in the frame
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link, the self-starting capability is enabled and a power coefficient close to the global

optimum can be maintained for complex and dynamically changing wind environments.

5.2 Future work

Through the research presented in this thesis, the direction for future research
would be in improving the techniques and outcomes of the implementation of the
reinforcement learning and creating a higher fidelity simulation package where we can
expect similar behavior between a real world turbine and the simulated system. Both
areas of research will have a natural fusion where the reinforcement learning agent must
be implemented correctly to work with a real world system, and a simulated system must
be able to be disturbed by real world interactions. In this research study, the simulated
turbine was based on an existing model which was created to be a more budget friendly
platform to test pitching controls. Better solutions for a low cost testing platforms can be
made. Simulation and hardware testing work hand in hand in the development of creating
a scalable product. The approach taken in this thesis can be carried over for designing
pitching controls for a real world system. However, friction mitigation, delay in a real
world control system, designing a load control for keeping adequate tip speed ratio and
performance, and designing software which can work with the hardware are open

questions into improving this field of study.
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