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ABSTRACT

Rapid reduction of greenhouse gas emissions is crucial in the fight against climate change.
One of the most effective ways to achieve this is through the use of wind turbines. VAWT-X
Energy is currently conducting research and development on their patented airfoil vertical
axis wind turbines, which have the potential to be highly efficient when compared to
horizontal axis wind turbines. A more efficient version of the helical-blade vertical axis wind
turbine (VAWT) needs to be created and added to the current generator model owned by
VAWT-X Energy. The proposed model considers the angles of the helical blades in the
calculation, which allows for a clear demonstration of the differences in torque distribution
between straight-bladed and helical-bladed VAWTSs. It has been demonstrated that the
torgue on helical blades is evenly distributed, while there is a significant fluctuation of torque
in the straight-blade VAWT. The VX-6/5 prototype and wind tunnel have been succesfully
modified and constructed for the purpose of the experiment. The validation of the proposed
model is heavily dependent on these pieces of equipment. The results of proposed model
have been validated by comparing them with various VAWT models in the literature and
achieving a good match in results. In addition, the good agreement also achieves while
comparing with the experimental results collected from the VX-6/5 testing. The proposed
model is successfully integrated with the current generator model, a strong agreement is
reached through comparison with the parametric model developed by Lu and Zanj. The
proposed model requires improvements to function at wind speeds below 3.5 m/s.
Furthermore, it is possible to enhance both the wind quality and the experimental setup
capacity by either incorporating additional components into the wind tunnel or upgrading to
more powerful fans. Although It was demonstrated the new integrated parametric model is
work with few testing parameters, more components and enhancement are required to

further increase its modelling capacity..
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NOMENCLATURE

Acronym Description
BEM Blade Element Momentum
DMST Double Multiple Stream Tube
HAWT Horizontal Axis Wind Turbine
MST Multiple Stream Tube
PMSG Permanent Magnet Synchronous Generator
rom Revolutions per minute
SST Single Stream Tube
TSR Tip speed ratio
VAWT Vertical Axis Wind Turbine
Symbol Description
A Swept area
Agw Upstream Induction factor
aup Downstream Induction factor
c Blade chord
Cq Drag coefficient
C Lift coefficient
C, Normal coefficient
Cp Power coefficient
Cqay Average torque coefficient
Ct Tangential coefficient
Fy Normal component of resultant force
F; Tangential component of resultant force
Height of rotor
N Number of blades
Ny Number of Horizontal divisions
Ny Number of Vertical divisions
Q Aerodynamic torque
Qav Average aerodynamic torque
R Radius of rotor
Re Blade Reynolds number
Vaw Downstream Induced velocity
Veq Equilibrium Induced velocity
V; Relative velocity

viii




P

Upstream Induced velocity

Freestream wind velocity

Greek Symbol Description
a Angle of attack
azimuth angle
AB Individual azimuth angle
AF, Individual normal force
AF, Individual tangential force
Ah Individual height of stream tube
AQ Individual aerodynamic torque
A Tip speed ratio of turbine
A Individual tip speed ratio
1) Angular velocity / Rotational speed
p Air density
\Y Kinematic viscosity of air
y Helical angle




INTRODUCTION

Background Information

Governments and industries across the globe have made a significant commitment to
reduce their greenhouse gas emissions to zero within the next two to three decades (IPCC
2022). In addition, a new report has found that governments worldwide can create millions
of jobs, stimulate economic growth, and help achieve net-zero emissions by rapidly
increasing the use of clean energy and reducing reliance on fossil fuels. This is the first
comprehensive energy roadmap of its kind, showing that such actions are necessary and
beneficial in multiple ways (IEA 2021). In short, to mitigate the effects of climate change, it
is essential to decrease greenhouse gas emissions quickly; this is a difficult task that
requires the development of more low-carbon technologies using renewable resources
(Edenhofer 2014).

In the group of renewable resources, wind energy is a type of green energy that has
experienced a considerable expansion in the past few years and is now one of the top
sources of electricity worldwide (Global Wind Energy Council 2015). In 2022, the
Department of Climate Change, Energy, the Environment and Water stated that wind, hydro
and solar energy accounted for almost 30% of total electricity generation in Australia; this
was the highest proportion of renewables in the history of Australia, surpassing the previous
record of 26% in the mid-1960s (Energy.gov.au 2022).

Two types of wind turbines are used to generate electricity from wind energy: vertical axis
wind turbines (VAWT) and horizontal axis wind turbines (HAWT). The former has a vertical

axis, while the latter has a horizontal axis.

Figure 1 illustrates the configurations of these types of wind turbines, where HAWT is
considered to be the most effective method to generate electricity (Ebrahimpour et al. 2019).
Horizontal wind turbines come in two types: upwind and downwind. In upwind turbines, the
rotor meets the wind direction, while in downwind turbines, the rotor is positioned behind the
Nacelle. A yaw-controlling mechanism can also be installed in this type of wind turbine,
which helps keep the rotational axis always parallel to the wind direction (Wang et al. 2019).
However, the big drawback of HAWT is that it requires big landfill, part and installation costs.

Meanwhile, VAWT is a cost-effective option for small-scale wind energy production,



particularly for residential use, because it requires less space for installation compared to
the HAWT (Niranjana 2015).

VAWT HAWT

Figure removed due to copyright restriction.

Figure 1 Diagrams of VAWT (Jiang et al. 2020) and HAWT (Bai & Wang 2016) configurations

In contrast to HAWT, VAWT has a rotational axis perpendicular to the wind direction. In
addition, this type of turbine can generate electricity at low wind speeds. There are many
types of VAWT, such as Darrieus, Savonius, H-blade and Gorlov have been found in the
literature. VAWT is proven to be highly efficient in turbulent wind conditions, but it may not
be practical for large-scale production purposes due to its complex blade aerodynamics
(Nikam & Kherde 2015; Sun & Zhou 2022). Although VAWT is not commonly used for large-
scale wind energy production, many VAWTSs have still been constructed and employed for
domestic purposes (Islam et al. 2008; Sharpe & Proven 2010; VAWT-X Energy 2022).
VAWT technology has the potential to supplement current wind energy infrastructure and
expand renewable energy production on a global scale with additional advancements
(Solomin et al. 2020). Thus, this paper will present a more refined aerodynamic that
enhances the performance and accuracy of the parametric model introduced by Lu and Zanj
(2022).



Literature Review

Wind Turbine Modelling Methods

Throughout the history of wind turbine modelling, numerous researchers have used various
modelling techniques to forecast the aerodynamic performance of VAWT. To determine the
efficiency of a wind turbine, the power coefficient (Cp) of the rotor must be calculated.
Several theoretical approaches employ Mathematics and Physics to progress research in
this area. In the early stages, the most commonly used Cp prediction methods were based
on momentum theory (Islam et al. 2008). It is widely recognised that these methods
necessitate a significant amount of experimental data for drag coefficient (Ca), lift coefficient
(C) and Reynolds numbers, covering a wide range of angles of attack (AOA). Researchers
mostly used pre-selected algorithm (Zervos 1988) and one factor at a time (OFAAT)

algorithm (Migliore & Fritschen 1982), incorporating the Momentum method.

Afterwards, the Panel method was utilised to estimate the coefficients of lift and drag of an
airfoil. As a result, multiple programs based on this method were created to study the
aerodynamic properties of airfoils (Somers & Maughmer 2003). However, the Panel method
was only used by a small number of researchers to estimate the C,, of a Darrieus rotor (Wang
et al. 2007; Dixon 2008); the Panel method is only able to handle mild separation because

it does not account for the viscosity of the flow (Katz & Plotkin 2012).

Recently, the most sophisticated technique for observing the dynamic flow of liquids using
computational software to employ the CFD method. This is because CFD can easily
incorporate the dynamic stall, curvature and viscosity of flow effects into its analysis (Chen
et al. 2016). Beri and Yao (2011a) used CFD to investigate the self-starting ability of two
different airfoils. In 2012, Mohamed conducted his analysis using twenty chosen airfoils to
predict the Cp of the Darrieus rotor on the CFD method (Castelli et al. 2012). Chen et al.
(2016) conducted a study on the performance of a three-bladed H-type Darrieus VAWT
using CFD analysis in both 2D and 3D simulations involving analysing the impact of various
parameters of airfoil on the Cp. Furthermore, in a study by Subramanian et al. (2017), the
researchers examined the impact of solidity ratio on CFD simulations and obtained
simulated outcomes that were within 16% error when compared to experimental data from
study of McLaren (2011). While CFD has demonstrated its capability to generate accurate
results, it demands significant computational resources and is highly time-consuming,

particularly in cases involving iterative design and optimisation processes. On the other



hand, if the airfoil characteristics are given, the Momentum method is quicker than both the
Panel and CFD methods (Wang & Zhan 2013).

Blade Element Momentum Theory

Based on the general Momentum theory, Glauert (1935) developed a basic model for the
ideal rotor that took into account the rotational velocity. This ideal rotor accelerates the flow
in the axial direction by creating a pressure differential across rotor plane. In addition, this
disk is considered to be a circular shape with an infinite number of blades (Bertram 2012).

The theory of actuator disks is based on the principles of Momentum, Conservation of Mass
and Energy, and Bernoulli's equation. This concept was first introduced by Robert Edmund
Froude in 1889 as a method to model the aerodynamics of flow in marine screw propellers,
this theory was applied to turbomachines to simulate the axial flow through the cylindrical
walls (Hawthorne & Horlock 1964). In other words, the Actuator Disk theory is a simplified
version of the quasi-3D modelling, and It combines the 2D blade-to-blade cascade flow and
the axisymmetric through flow (Gato & Falcao 2012). According to Lakshminarayana (1996),
the process of solving the axial flow problem can be done efficiently using the streamline
curvature throughflow method within the Actuator Disk theory. It was utilised to simulate the
flow behaviour of the isolated rotor (Gato & Falcao 1988) and the rotor with guide vanes
(Gato & Falcao 1990). Hence, the Actuator Disk theory is appropriate for analysing the flow
patterns around the VAWT because it effectively simplifies 3D fluid dynamics problems into

2D problems.

The Blade Element theory was originally invented and published by Drzewiecki (1920), and
it is an effective method for estimating the thrust produced by a rotor (39). The theory refers
to a concept known as the blade element, which involves breaking a blade down into smaller
elements. Each of these small elements is considered as a separate 2D airfoil. Furthermore,
the calculation of aerodynamic forces is conducted by taking into account the conditions of
the flow specific to each element. Ultimately, the aerodynamic properties of the entire rotor
are determined by combining all of its smaller elements (Gudmundsson 2014). However,
the simplified theory did not account for the induced flow within the rotor stream tube,
resulting in the predicted thrust being greater than the actual thrust at the same conditions
(Stepniewski 1979).

Blade Element Momentum theory, also known as BEM theory, is a well-known method that

results from the combination of Blade Element theory and Momentum theory. In other words,

4



the Blade Element theory was advanced by Froude (1920) and Glauert (1935) via the
utilisation of the momentum theory to represent the induced velocity within the stream tube.
To summarise, the BEM theory serves as a fundamental basis for any additional principles

or theories presented in this study.

Double Multiple Stream Tube (DMST)

The stream tube models were developed based on BEM theory. It is applied to determinie
relative velocity of turbine blades and other aerodynamic properties of the turbine by
studying the interaction between the turbine and fluid. By definition, a stream tube is formed
by streamlines that make up its walls; this tube is impermeable, and no flow is perpendicular
to these streamlines (Princeton University, n.d.). Single Stream Tube (SST) was invented
by Templin (1974), and it introduced a single continuous stream tube which encloses the
entire rotor. In this approach, the freestream velocity V,, was reduced to a constant induced
velocity while the airflow passed through an actuator disk. However, this model does not
take into consideration the variations between the turbine and fluid along the stream tube
due to the constant velocity at the actuator disk. Wilson and Lissaman (1974) presented
Multiple Stream Tube (MST) model to enhance the SST model, and this model divides the
disk into multiple parallel stream tubes. In addition, The velocity generated in the MST model
is calculated by the lift forces, which is determined using both the upstream and downstream
regions. Furthermore, the MST was enhanced by incorporating the drag force on the blades
into the momentum calculations (Strickland et al. 1979). Later on, Paraschivoiu (1982)
presented Double Multiple Stream Tube (DMST) separating rotor into two regions: upstream
and downstream. In the DMST model, each stream tube is studied as a combination of two
actuator disks arranged one after the other. The air that flows through the downstream
actuator is composed of the wake flow from the first actuator disk in the upstream region.
The findings of this model have been shown to be in a close agreement with the
experimental data (Paraschivoiu 1983). Figure 2 describes the differences between stream

tube variations.



Single Streamtube Multiple Streamtube Double Multiple Streamtube

Figures removed due to copyright restriction.

Figure 2 Variations of Stream Tube models (Adams & Chen 2017)

Gorlov VAWT Model

Professor Gorlov (1995) introduced the first Gorlov helical turbine, and this turbine was
adapted from the straight blade Darrieus type to a helical blade design. While the turbine
was initially created for water systems, it can also potentially be used in other renewable
energy systems such as wind energy and wave energy. Furthermore, it has been
demonstrated that the use of helical blades in the wind turbine design can reduce the torque
instability that was present in the original straight blade design (Moghimi & Motawej 2020a).
Some studies have used CFD simulations to investigate performance of helical blade
VAWT. In a study of Alaimo et al. (2015), the aerodynamic performance of various straight
and helical blade VAWTSs, were conducted on 3D unsteady Reynolds-averaged Navier-
Stokes simulation. As per their findings, the helical blade VAWT exhibits improved stability
but generates lower power output. Moreover, Cheng et al. (2017) described the use of Large
Eddy Simulation to simulate a 2D flow field of a four-bladed helical blade VAWT. The study
investigated how tip speed ratio (TSR) changes affect the relationship between power output
and variations in the azimuth angle. Two primary factors contribute to this correlation: blade-
wake interaction and changes in angle of attack (AOA). Moghimi and Motawej (2020b)
conducted a cost-effective model on MATLAB software for analysing the aerodynamic
performance of the helical blade VAWT. The study examined how the aerodynamic
performance and torque characteristics of the helical blade VAWT are affected by using
several geometrical and operational parameters. In addition, the study involved analysing
four distinct blade configurations belonging to the NACA symmetric airfoil family. According
to their results, According to the results, the airfoil NACA0018 had the greatest Cp at a TSR
of 3.5 (Moghimi & Motawej 2020b). Moreover, the results regarding TSR and Cp curve
exhibit significant conformity when comparing with the experimental data of Quite Revolution
5 (Scheurich et al. 2010). Hence, the Gorlov VAWT model built in MATLAB shows the
potential to accurately simulate the aerodynamic performance of the helical blade VAWT.



Case Study

History of VAWT-X Energy
VAWT-X Energy is a start-up company that is registered and based in South Australia. The

company is focused on developing and certifying its patented airfoil for large scale
production of two-bladed helical VAWTs. VAWT-X Energy specialises in producing wind
turbines, including the VX-6, which has a power output of 6kW, and the VX-80, which has a
power output of 80kW. Figure 3 describes the VX-6 prototype in the United Kingdom in 2013
(VAWT-X Energy 2022).

Figure 3 Previous prototype model of VX-6 turbine
VAWT-X Energy is working in close partnership with Flinders University to accelerate its
products on research and development. As a result of collaboration, a MATLAB parametric
model was invented to explore the performance of VX-6 turbine. Furthermore, a prototype
called VX-6/5, which is a one-fifth scale version of the VX-6 turbine, was built at Flinders

University. Recently, a wind tunnel has been built to conduct tests on the VX-6/5 prototype.

Wind spesd (vinf) ris]
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Figure 4 (a) MATLAB/Simulink Parametric Model; (b) VX-6/5 Prototype; (c) Wind Tunnel



MATLAB/Simulink Parametric Model of VAWT-X Energy

In 2022, Lu and Zanj developed a method for creating a multi-domain modelling platform for
helical VAWT as shown in Figure 4a. The model requires multiple input parameters to
determine various outputs. The model consists of two main parts aerodynamic model and
generator model. The aerodynamic model was created by using MATLAB to simulate a
straight blade VAWT and was based on BEM theory and DMST model. Also, the
performance of a Permanent Magnet Synchronous Generator (PMSG) was modelled using
Simulink graphical programming environment and the Bond Graph method. Finally, the data
of a VX-6 turbine was used to validate the entire model. However, there are still some
limitations exist in the model that might impact the result accuracy. The constant torque has
been used along the blade in the MATLAB model to reduce the simulation time. As a result,
the same properties are assumed in the entire blade, which is not possible in practice.
Furthermore, due to the nature of the multi-domain modelling platform, there is still room for
components extension to increase the feasibility of the software tool.

Experimental Setup

The experimental setup refers to the prototype, equipment and device that have been used
for the purpose of testing and collecting data. The experimental setup consists of three main

components: VX-6/5 Prototype, Wind Tunnel, Electronic equipment as seen in Figure 5.
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Figure 5 VX-6/5 Prototype and Wind Tunnel

VX-6/5 Prototype

DC Electronic Load




VAWT-X Energy has constructed an approximate one-fifth scale of the VX-6 turbine, called
the VX-6/5. The prototype was built in 2020. The prototype includes various sensors like an
anemometer, a digital tachometer, and a load cell with an amplifier. In addition, electronic
equipment such as an electronic load and a full wave bridge rectifier were set up to gather
electrical signals during the experiments. The manager of VAWT-X Energy, Dr. Amir Zan;,
has suggested that while the prototype has the ability to function as a testing protocol, further
investigation and testing are required to confirm the validity of the parametric model.
However, through several testings, the prototype has encountered numerous problems that
required investigations and maintenances. One of the primary challenges encountered
during the investigation was the difficulty in initiating the prototype, or self-starting issue.

Therefore, it is crucial to conduct an investigation on this issue.

During the research period, the wind tunnel was constructed concurrently while conducting
investigation on the VX-6/5 prototype. Even though the study did not originally involve wind
tunnel testing, it was found to be important in improving the wind source to the VX-6/5
prototype as per supervisor suggestion. This helped address the self-starting issue of the
VX-6/5 prototype.

Research Gap

Based on the literature review, it is evident that there is a significant lack of research on the
helical-blade VAWT. Conducting research on this topic will not only benefit VAWT-X Energy,
but also advance the understanding of helical-blade VAWT modelling.

As stated in the case study section, the current parametric model has limitations in
accurately simulating the performance of a helical blade VAWT, as it was originally designed
for a straight blade VAWT. The unsteadiness in the torque distribution of the straight blade
VAWT model is caused by the sudden shifts in angle of attack. The helical geometry of the
blade in the helical blade VAWT would minimise this effect. Furthermore, taking into account
the angle of the helical blade can improve the precision of outcomes, albeit it might lead to
a minor increase in the simulation duration. As a result, the Gorlov VAWT model has the
potential to address these problems, making it a suitable approach for enhancing the

parametric model of the VX-6 turbine.

Furthermore, the VX-6/5 prototype experiences self-starting issues that require additional
investigation before the experimental setup can be reinstated. Upon the first examination of

the VX-6/5 prototype, indications were found leading to modifying and upgrading processes
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must be done such as bent vertical shaft and resistance during rotation. In addition, the
testing environment was not optimal, as the prototype was situated in an exposed location,

resulting in an unsteady and more turbulent wind source.

As a result, to optimise the model developed by Lu and Zanj (2022), there is a need that the
Gorlov VAWT model must be investigated and integrated with the existing generator model.
In addition, the experimental setup must also be investigated on the self-starting issue.
Validation of the Gorlov vertical-axis wind turbine model against the performance of the VX-
6/5 prototype is also required. Hence, it is necessary to address these gaps in order to

enhance the effectiveness of VAWTs and facilitate their advancement and implementation.

Project Scope

The project aims to optimise and increase the capacity of the mathematical model and
experimental setup of the VAWT-X wind turbines. According to Figure 6, this study has three
main goals and several objectives that must be me. The first goal is to improve the current
aerodynamic model by incorporating the new Gorlov VAWT model. The second goal is to
modify and improve the current experimental setup to be ready for the validation stage. The
third objective is to confirm the accuracy of the new Gorlov VAWT model by comparing its
results with the current aerodynamic model, the experimental and other aerodynamic results
found in the literature. Moreover, the new model should be able to combine with the

generator model to form a complete system model.

Enhanced performance Increased testing NV RcEhon Sl [Idor e
and capacity of the existing capacity of the existing
Goals aerodynamic model Experimental Setup of the Gorlov VAWT Model

 Create Gorlov VAWT model Sy « Verify against the current
based on mathematical pe aerodynamic model
. ) equations. . \(gxﬁ%?szrt(xgtyg?formance « Verify against aerodynamic
Objectives JRECCEICY IV WAREIES Y P p results of VAWT in literature

Gorlov VAWT model by roplacing old/damaged » Compare to experimental setup

= Compare to results of entire
parametric model

components

+ Add new input to simulate « Construct Wind Tunnel

helical blade angle

Figure 6 Project Goals and Objectives

As mentioned in the case study section, the parametric model is composed of an
aerodynamic model and a generator model. This study aimed to optimise only the
performance of the aerodynamic model, meaning that the generator model was beyond the

scope of this project.
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METHODOLOGY

Gorlov VAWT Modelling

The BEM theory is a combination of the Actuator Disc theory and Blade Element theory.
Therefore, the following assumptions are critical while using these theories for wind turbine
analysis, as shown in Table 1.

Table 1 Assumptions for analysis on BEM theory
(Gudmundsson 2014; Burton et al. 2011; Beri & Yao 2011b)

No. Assumptions

2D Analysis and actuator disk is essentially a discontinuity moving
through the fluid

Infinitesimally thin disk of area which offers no resistance to fluid
2 | passing through it as frictional forces are negligible compared with
momentum flux and pressure changes

In the far-field regions, upstream and downstream of the actuator
disk, the streamlines are parallel

4 | Inviscid, incompressible, and isentropic flow

A control volume surrounds the stream tube and sharply separates
the flow going through it from the surrounding air

6 | The propellor does not impart rotation to the flow

The actuator disk is uniformly loaded and, therefore, experiences
uniform flow passing through it.

8 | No radial interaction between the flows through contiguous annuli

Formulas Derived from DMST Model

According to Parschivoiu (2002), two actuator disks are applied at the upstream and
downstream regions of the rotor. Therefore, upstream and downstream induced velocities

are determined at individual stream tube, as seen in Figure 7.
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Figure 7 Top view of the rotor geometry for the Darrieus VAWT
By that, the free stream variations are considered in the analysis. By applying the
conservation of mass and Bernoulli equation, the induced velocities are reduced in the
direction of the flow as the wind flows through a stream tube. In other words, the upstream
velocity (V) is less than upstream freestream velocity (V,,), and downstream velocity (Vg,)
is less than upstream velocity (V,;,). In addition, in the middle section between upstream and

downstream regions, equilibrium velocity (V.q) exists, which value is smaller than upstream

velocity (V,p), but higher than downstream velocity (Vg ).
Voo > Vip > Vg > Vg

In addition, the two induction factors at upstream and downstream regions are considered
due to wind variations (Paraschivoiu 2002). These axial induction factors must be less

than 1.

1 > ay, = —VuP > a Vaw
u dw
P VOO Veq

The above expression determines the induced velocities at upstream, downstream and

equilibrium regions (Paraschivoiu 1981).

Vap = aupVeo [1]

Veq = (2ayp — 1)Vos [2]
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de = adw(zaup - 1) Voo [3]
The upstream induction factor (a,;) is assumed to be equal to 1 at the beginning. Hence, all

induced velocities on the rotor blade have been found. The further calculations are broken

down to calculate various parameters for both regions at each stream tube.

Upstream region calculations (270° < 8 < 90°)
In order to determine the relative velocity and AOA acting on each element, the TSR must

be defined based on angular velocity (w), upstream velocity (V,;,), and upstream AOA (a,;)

(Kanyako & Janajreh 2014).
A =— [4]

Wind direction ~~__ 270" 7N

-

' 7" Blade element flight path

Figure 8 Relative velocity vectors at two regions of Darrieus VAWT
From Figure 8, the upstream relative velocity and upstream AOA are determined from

trigonometry and simplified into the following equations (Saeidi et al. 2013).

_ 1 aypcos(6)
up B (M+aupsin(6)

[3]

2 2
Viwp = Voo J (A)\ + aupsin(B)) + (aupcos(e)) [6]
According to (Meana-Fernandez et al. 2018), the Reynolds number of turbine blade is the

next parameter that needs to be calculated based on upstream relative velocity (Vrup), blade

chord (c), and kinematic viscosity (v) of 1.461 x 10™> m?/s.

Vrap€
— P
Rey, =

[7]
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Figure 9 Aerodynamic forces loaded on wind turbine airfoil

Furthermore, normal coefficient (C,) and tangential coefficient (C,) need to be determined
based on trigonometry, as seen in Figure 9. To do that, lift coefficient (C,;) and drag coefficient
(Cq) must be known in advance. According to the experimental results of airfoil NAC0015
collected from AirfoilTools (n.d.) and QBlade software, the lift and drag coefficient series has
been generated based on varying Reynolds number. The Reynolds number value has been
varied between 0 and 5,000,000 to generate multiple sets of lift and drag coefficient results.
The correct lift and drag coefficients are sorted and used for further calculations by

interpolation. Hence, tangential and normal coefficients are found (Zhao et al. 2017).
C.=¢G sin(aup) —Cq cos(aup) [8]
C,=¢ cos(aup) + Cq sin(aup) [9]

It is required to calculate the new upstream induction factor, which can be compared with
the initial induction factor in Equation 1. Paraschivoiu (2002) provided an upstream function

that needed to be solved to calculate the new induction factor.

1
cos(8)

(Cncos(e) — Ctsin(O))dG [10]

F - Nc flzr (Vrup)2
UP " gnR 37" Vap
Hence, the new upstream induction factor is found as the following expression.

- [11]

a =
UPnew Fyp+T

14



An iterative approach must be made for Equation 1 to 11. While comparing the new induction
factor against the initial induction factor in each step, the residual of the subtraction between

these two variables must be less than 0.0001 (Jafari et al. 2018).
dres = Auppew — Aup [12]

The forces acting on each blade element of the VAWT, including aerodynamic torque
(Svorcan et al. 2013), normal force and tangential force (Hashem & Mohamed 2017), can
be calculated by taking into account geometrical factors such as the blade chord, rotor

radius, rotor height, and air density of 1.225 kg/m3.

AF, = ~V2_CipcAh [13]
AF, = V2 Cypchh [14]
AQ = ZVZ_CipcRAh [15]

Downstream region calculations (90° < 8 < —90°)
The same parameters for the downstream region have been determined by following the
same approach conducted in upstream region. A summary of all downstream region

parameters is illustrated in Figure 10.

m=2 [16]

C, = G cos(agy) + Cq sin(agy)  [19]

p C; = Csin(agy) — Cq cos(agy)  [20]

2
A . 2
Vrdw = (Zaup - 1)Vm\/<(23up——1) + adwsm(9)> + (adwcos(e)) [17]

Redw - Vrdwc 21]
aqwCos(6
gy = tan_1< v aw €05(0) [18]
————— + a4, sin(0)
(Zaup - 1)
\4
1, Ay, = — 1 [22]
Fy =5 Vi, Capcah [25] -
F =V CpcAh  [26] < _ N 2 Ve Y1 in(0))de [23]
£ =5 Vrgy Ut Fow = e _%<de> m‘ (Cncos(e) —Ctsm(e)) 0
1
——y2

AQ = EVrdw CipcRAh [27] Ares = Adw,,, — Adw [24]

Figure 10 Summary of downstream parameters
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Simulating the helical blades of Gorlov VAWT

While applying the DMST model to wind turbine concepts, multiple small layers of the stream
tube are arranged in a parallel manner, both horizontally and vertically. Induced velocities
found in each layer of stream tube are distinct to each other due to varying individual azimuth

angle (A06) and individual height of stream tube (Ah), as shown in Figure 11.

Figure removed due to copyright restriction.

Figure 11 Diagram of multi-layered Gorlov VAWT (Moghimi & Motawej 2020b)
Horizontal layers (N,,) and can be determined by considering individual azimuth angle (A6)

and 180° degrees of the upstream region.

\ _180°
L)

For straight blade VAWT, the individual azimuth angle (Ah) can be simply replaced by the
entire rotor height (H) because the forces and torque exerted at a specific azimuth angle are
consistent throughout the rotor height. In contrast, the orientation of the blade in a helical
blade VAWT is inclined along the height of the turbine. Consequently, it is vital to consider
the angle of the helical blade in the DMST model to achieve the desired outcome. The
relationship between the vertical layer (N,) and helical angle (W) can be determined from

the following expressions.

Thus, the total torque generated by a single blade at a specific azimuth angle can be
calculated using formulas that consider forces and torques produced in each horizontal and

vertical layer.
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Q=y"ylvaQ [28]
Fe = Yo" Y AF, [29]
Fn = X2 2V AR, [30]

Furthermore, the total aerodynamic torque of the entire turbine and the value of torque

coefficient are determined from the following equations.

Qu = [12* Q6 31]

L

— Qav

Ultimately, power coefficient of the Gorlov VAWT is determined by the following formulas.

wR
A=q- [33]
Cp=A-Cq, [34]
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Coding Algorithm of Gorlov VAWT Model
According to the formulas derived from the DMST model, a MATLAB code has been

developed in order to predict the aerodynamic torque and power coefficient of the Gorlov

VAWT. A flowchart describes coding algorithms for this section is shown in Figure 12.

VAWT Streamtube parameters
A0
Np
N,
Ah

Turbine Geometrical parameters

NACA0015

Turbine Operating Parameters

Veo

Calculate A

Calculate upstream and downstream sections for each blade element (Ah)

(1<Ah<N,)

A 4

Upstream Section (270° <0 <90°)

agp=1

Assume
_ Calculate Qup_new
Aup = Aup_new -

Calculate AQup(6)

Next horizontal layer No
9,,,., = 9‘,“ +00

Assume upstream induction factor:

Calculate upstream variables
Vup Wup Qup Reup

v

Downstream Section (90° < 0 < -90°)

Assume

Adw = Adw_new

Next horizontal layer
Bnew = Boig + A0

Assume downstream induction factor:
Agw = Aup

Calculate downstream variables
Vaw Waw Ogw Regw

Calculate agw_new

Next vertical streamtube

Calculate total torque for all blades

Calculate total power coefficient

Qav

Bh,,,, = Ahyy + Ah

LLs
-
Q
c‘]av = 1 =
7PARY,,

Calculate total Torque for single blade

@@=y "y 2q®

Figure 12 Flow chart of development of Gorlov VAWT in MATLAB
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The system has three main predefined sets of input parameters. In the first set, the VAWT
streamtube parameters include individual azimuth angle of blade, number of horizontal and
vertical layers and helical angle of blade. In addition, the individual azimuth angle is a free
variable and can be adjusted accordingly to ensure the accuracy of results. Simulations with
smaller individual azimuth angles lead to more accurate results but take longer to run due
to smaller blade elements being considered. The second set prescribes turbine geometrical
parameters such as geometry of the VX-6 turbine and VX-6/5 prototype found in the Lu and
Zanj study (2022), NACAO0015 profile collected from AirfoilTools (2023) and QBlade
software, and free parameter of helical angle is modifiable according to blade number and
helical angle of blade. In this study, VX-6 turbine and VX-6/5 prototype is used for analysis
which consists of two blades, and helical angle for each blade is 180°. The third set consists
of velocity of freestream wind, angular velocity of turbine, air density and kinematic viscosity.
There are two free variables for the systems such as freestream wind velocity and angular
velocity. Determining the initial TSR is a crucial step in the analysis process, and this

requires the angular velocity to be predetermined.

Moreover, many iterations need to be conducted to determine forces and aerodynamic
torques for each stream tube based on its horizontal and vertical layers. Furthermore, to
determine the overall average aerodynamic torque of the turbine, the summation method is
utilised to calculate the torgue for each individual blade. This value is then multiplied by the
number of blades and integrated over 360 degrees. At the end, torque coefficient and total
power coefficient are calculated by using Equation 32 and Equation 34, respectively. The
detail of MATLAB for the Gorlov VAWT model calculating aerodynamic properties of the VX-
6 turbine and VX-6/5 prototype can be found in Appendix A.
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Improvement in Experimental Setup

VX-6/5 Prototype Reinstatement and Upgrades

The experimental setup is crucial for testing and validating the aerodynamic or Gorlov VAWT
model presented earlier. general, the experimental setup is an essential device for testing
and validation against the aerodynamic model or Gorlov VAWT model proposed in the
previous section. At the start of the study, it was discovered that the VX-6/5 prototype was
not functioning due to a problem with self-starting. Despite receiving the full amount of wind
energy generated from the fans, the prototype was unable to rotate, resulting in no collected
outputs. As a result, the reinstatement plan has been proposed and many modifications and

upgrades had been made upon to address the self-starting issue.

Initially, the disassembly plan has been produced to conduct a thorough analysis on its main

components as seen in Figure 13.

Upper part (Blade Bottom part (Base, aluminium B concrator
and centre shaft) ! shaft and generator) d

Figure 13 Disassembly plan of VX-6/5 prototype

Central shaft | Generator

g &
A
&

17T

Figure 14 (a) Central shaft; (b) PMSG 12 poles generator; (c) Bearing
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Based on the findings of the initial investigation as seen in Figure 14, the central shaft of the
VX-6/5 was bent. In addition, the generator had problems with its rotating function, and one
of two bearings used for the aluminium shaft at the bottom part was found to be damaged.
Because of that, the corresponding solution for each problem has been delivered. The new
aluminium central shaft has been manufactured with the same dimension of the previous
plastic shaft. In addition, the generator has been disassembled by using Lathe Machine and
found with many redundant glue and tapes attached on the inner components. The
generator was able to function correctly after these redundant materials were removed.
Moreover, the damaged bearing had been placed by the new bearing with same
specification. Consequently, the assembly plan was followed, and the VX-6/5 was able to

rotate smoothly, which is an important milestone for future testing of this prototype.

Wind Tunnel Fabrication

In order to improve the testing capabilities of the VX-6/5 prototype, the study recommends
utilising a wind tunnel, which is an additional objective. The design of the wind tunnel is the
property of VAWT-X Energy. The optimised design had been developed on Inventor
software, taking into account manufacturing considerations that were not included in the
original design. The wind tunnel has been fabricated following the optimised design, as
shown in Figure 15. The primary objective of the wind tunnel is to improve the performance

of VX-6/5 prototype, which aids in the validation process of the model.

Figure 15 Optimised design of Wind Tunnel on Inventor
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Validation Procedures

The validation stage is crucial to determine whether the proposed model is valid on general
wind turbine technology and VAWT-X Energy turbines. The validation procedure consists of
three main parts: a comparison of the results of Gorlov VAWT model against other models
in the literature, against the results of the parametric model proposed by Lu and Zanj (2022),

and against the experimental results of the VX-6/5 prototype.

Comparison on Aerodynamic Model

This section introduces the process of how the results are collected to validate on the
aerodynamic performance of the Gorlov VAWT model. Results from Lu and Brandon (2022),
Moghimi and Motawej (2020), and Paraschivoiu (2009) are used to compare against the
results of Gorlov VAWT model. According to Figure 12, the input parameters are adjusted
accordingly to different turbines and operational conditions. The primary objective of this

section is to create various Cp vs TSR graphs for analysis.

Geometrical parameters

The results from different studies are collected based on different turbine geometry.
Therefore, the parameters of R, H, ¢, N, and ¥ is be changed according to the turbines in
each paper. Whereas the airfoil geometry is be set as NACA0015 for analysis. In addition,

detailed information on geometrical parameters is be provided in the Results section.

Operational parameters

For operational parameters, the value of air density (p) and kinematic viscosity (v) at 15°C
is constant at 1.225kg/m® and 1.461 x 107> m?/s respectively (Engineering Toolbox
2003a; Engineering Toolbox 2003b). Additionally, the angular velocity (w) is set according
to each paper. Furthermore, the TSR is calculated using Equation 33, which includes three
primary variables: angular velocity, rotor radius (R), and wind speed (V,,). The values for
angular velocity and rotor radius are fixed, while wind speed is varied between 1 and 30 m/s

to produce the Cp vs TSR curves.

VAWT Streamtube parameters

In this group of parameters, the number of horizontal (N;) and vertical (N,) layers are
affected by the individual azimuth angle (A8), helical angle (¥) and turbine height (H). Helical
angle and turbine height parameters are changed according to different papers. However,
the individual azimuth angle is be set at 10° per stream tube. Tests were conducted with

lower individual azimuth angles, which resulted in slightly more accurate results. However,
22



the simulation time was significantly longer. To speed up the simulation process for various

wind speeds, it is useful to use an azimuth angle of 10 degrees for each individual test.

Comparison on Parametric Model

As previously mentioned in the Case Study section, the parametric model is comprised of
an aerodynamic model and a generator model. The aerodynamic model has been optimized
using the Gorlov VAWT model as suggested in the previous section. Meanwhile, the
generator model, proposed by Lu & Zanj (2022), is remain unchanged. The generator model
consists of several variables and state-space equations as referred to Appendix C. The
equations were obtained by representing three-phase PSMG in Bond Graph system and
then a MATLAB/Simulink coding algorithm was implemented according to Appendix C. The
parametric model is built to investigate the performance of VAWT with respect to time. The
main goal of this section is to combine the new aerodynamic model based on the Gorlov
VAWT model with the generator model to form a complete parametric model as seen in
Figure 16.
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'y
1.2 »V_inf y——» outy |
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dtheta T_ave_scope|——»{ out.T_ave
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ﬂ—b load_resistance TSR_scope—# outTSR

Electrical Resistance [Ohm]

*x dx|———» outdx

Parametric Model
Integration Method

pd

1 »{ ouLRPM
Angular M -+ - Acrodynamic Torque
theta_a | %

Mechanical angle of rotor e - iq' Angular Velocity
wilh respect to phase a lambda_a| ¢ o JRPM
[Cowx o—s | T weca
Flux e - - : Phase a Voltage
- . theta_b Ls |
| M [ 1 ]4—' 4 Angular Velocity - :
fambca bt » outomegal
| |
Flux Linkage of phase b i e = i Phase b Voltage
Mechanical angle of rotor 1le !
e .’t?. LS ‘Iam—hda_c[}‘ T Angular Velacity
. - [ I
Flux Linkage of phass ¢ 7 J-v T Phase ¢ Voltage

Figure 16 A complete parametric model in MATLAB/Simulink
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Moreover, the parametric model in Figure 16 is be used to generate multiple aerodynamic
outputs and electrical outputs. As a result, a comparison is made between the new
parametric model and the existing parametric model proposed by Lu and Zanj (2022) to
determine whether the new aerodynamic model can be integrated with the generator model.

Comparison on Experimental Setup

Experimental Equipment and Software

Figure 17 describes several required equipment that are used for the experiment. The VX-
6/5 prototype has three sensors installed at located at the bottom of the turbine. Three
sensors, an anemometer for measuring wind speed, a photo-interrupter tachometer for

detecting angular velocity, and a load cell with an amplifier for calculating aerodynamic

= A ] 4

L i

l"ﬁl Tachometer

g
.

(d)

Figure 17 (a) Sensors installed in VX-6/5 prototye; (b) Electrical devices;
(c) Wind-generated fan; (d) Wind tunnel
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torque, are linked to an Arduino Nano microcontroller. Arduino and MATLAB codes for data
collection has been provided by VAWT-X Energy manager. The sensor calibration has been
completed beforehand and has been verified to accurately represent the actual results
(Francis 2022). Figure 17b illustrates the electrical devices that have been connected to VX-
6/5 prototype. The three-phase to DC bridge rectifier and two smoothing capacitors were
developed by Lu (2021). Furthermore, the DC electronic load is used to regulate the
electrical load, display electrical outputs for experimental data collection. Moreover, the four
fans represent the incoming wind condition, and wind tunnel is used for enhancing the wind

quality, as shown in Figure 17c-d.

Experimental Testing Procedure

In order to collect meaningful experimental results, it is necessary to follow the testing
procedure depicted in Figure 18. The experiment started with the preparation of necessary
hardware and software such as laptop, sensors, electronic devices, MATLAB software,
Arduino software and Microsoft Excel. The prototype was found to only produce very small
electrical voltage. When the electrical load was set to its maximum value of 7500 Ohms, the
current reading could not be displayed on the electronic load due to its extremely low value.

Therefore, an electrical load of 100 Ohms was used to obtain meaningful results.

At the beginning, the turbine must be started from rest for each test. In addition, various fan
configurations were tested to determine the maximum number of fans that could turn the
prototype at full speed. It is found that the turbine requires at least three fans in order to
rotate. Therefore, the 3-fan and 4-fan settings had been used for this experiment. Following
that, the wind speed was altered by adjusting the fan speed in each setting. The purpose of
this is to vary the wind velocity, which is a significant factor in computing the TSR value
according to Equation 33. In contrast to the Gorlov VAWT model, the angular velocity of VX-
6/5 is adjusted based on the wind velocity during the experiment. Afterwards, a comparison
was conducted to determine which configuration would enable the prototype to achieve the
highest possible speed and electrical output. Ultimately, the optimal results were compared
with those of the mathematical model during the validation phase.

Moreover, it is necessary to modify the mathematical model used in conjunction with the
experimental setup to account for the characteristics of the VX-6/5. Furthermore, the input
parameters, including wind velocity and angular velocity, must be adjusted based on the
experimental results collected. For instance, the wind speed and angular velocity data
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collected by sensors at fan speed level 3 should be inputted into the mathematical model to

generate desired outputs for validation stage.

Prepare
software and
hardware prior

to testing

Start turbine
from rest

r

setups to find the
best of two results

|
|
r

Fan speed level: 2

Compare the

=

Compare the
highest result with
mathematical
model result

Fan speed level: 3 average results
with each other to
find the highest
result

Fan speed level: 1

Fan speed level: 2

Fan speed level: 3

Figure 18 Experimental testing procedure of the VX-6/5 prototype
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RESULTS

This section will present the findings of the study. It will begin by presenting the results
obtained from the Gorlov VAWT model while comparing them with the results from other
papers. Next, the Gorlov VAWT model will be combined with the generator model, and the
results from the new parametric model will be compared with the previous parametric model
developed by Lu and Zanj (2022). Lastly, the experimental results will be presented and
compared to the results from the Gorlov VAWT model. Throughout this results section, the
‘current model’ term will used to refer to the result generated from the Gorlov VAWT model

proposed in this study.

Comparison on Aerodynamic Model

Results Compared with Lu and Zanj (2022) study

Firstly, the results of Gorlov VAWT are compared against the results obtained from Lu and
Zanj study (2022). Parameters shown in Table 2 are used with the MATLAB code provided

in the Appendix A. 0.7 Aerodynamic Validation against Lu & Zanj Model
0.6
Table 2 VAWT characteristics in paper 0.5
of Lu and Zanj (2022)
0.4
Parameter | Value Unit o
R 1.5 m 03T
H 5 m 02F
C 0.1875 m il
N 2 '
k4 180 degree 0
1 2 3 4 5 6 7 8
w 260 rpm Tip Speed Ratio (\)

Current model
Lu & Zanj model 2022

Figure 19 Validation of the current model with results
from turbines presented in Lu and Zanj (2022) paper

The results from the current model are plotted together with those from Lu and Zanj (2022)
and presented in Figure 19. The results show that there was a strong agreement between
the two models under TSR of 3.7. Subsequently, the Cp result of the present model was
lower than that of the other model. Moreover, both the current model and the Lu and Zan]
model achieved their highest Cp values of 0.59 and 0.62, respectively, at a 4.5 TSR. The
current model shows the range of TSR is between 1.3 to 8.2, and the Cp values vary from

slightly above 0 to 0.59.
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Difference in Torque Distribution

Figure 20 illustrates the torque exerted on the turbine throughout 360° rotation. In general,
the results of upstream region (from -90° to 90°) are higher than results in the downstream
region (from 90° to the next -90°). While the Cp vs TSR results are quite similar, the torque
distribution results from the two models are significantly different. According to the current
model, there is a slight fluctuation in aerodynamic torque. However, Lu and Zanj model
shows a significant difference in the results. Maximum and minimum aerodynamic torque
are 160 N.m at 30" azimuth angle and 115 N.m at 90° azimuth angle. The same pattern is
seen in Lu and Zanj model, where the maximum torque of 295 N.m at 30°, and minimum
torque at 85° was a negative value. Consequently, the current model distributes the torque

more uniformly throughout its rotation.

300 Comparison on Aerodynamic Torque Distribution
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Figure 20 Torque distribution during a full revolution of VAWT

Results Compared with Moghimi and Motawej (2020) study

In Table 3, the three-bladed VAWT is used in this comparison. Hence, the helical angle is
adjusted from 180° to 120°. In addition, the angular velocity used in this analysis and the
angular velocity used in the analysis is half of what was used in Lu and Zanj's model.
According to Figure 21, the maximum Cp in two models is much smaller compared to what
obtained in the previous case. The current model shows a maximum Cp of 0.49 at a 3.6
TSR, but Cp is low below a 2.5 TSR. Similarly, Moghimi and Matawej (2020) discovered that
the maximum Cp value, which is 0.48, occurred at a TSR of 3.85. Additionally, the limited
operating range is also defined by the TSR range of 0.5 to 6.5. Although the two models are
in good agreement, the current model was discovered to have slightly superior performance

when compared to the Moghimi and Motawej model.
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Aerodynamic Validation against Moghimi and Motawej Model

T T T T T

0.4 r b

Table 3 VAWT characteristics in paper 03r 1
of Moghimi and Motawej (2022) .
Parameter | Value Unit o

R 1.5 m 01+ .
H 5 m
o 0.2 m or i
N 3 -0.1 : ' ‘ ' ' ‘
Wy 120 degree 0 1 2 3 4 5 6 7
w 125 rpm Tip Speed Ratio ()\)

Current model
Moghimi & Motawej model 2020

Figure 21 Validation of the current model with results from
turbines presented in Moghimi and Motawej (2022) paper

Results Compared with Paraschivoiu (2009) study

In Figure 22, the Cp vs TSR curves is shown based on the parameters in Table 4. The
results of two models are similar when TSR is below 4.3. However, when TSR exceeds 4.3,
the current model outperforms Paraschivoiu's (2009) model. This VAWT has a high
operational range than the previous two VAWTSs, with TSR ranging from 0.3 to 9.8. In the
current model, the highest Cp is observed at a TSR of 5.6, with a value of 0.48. In contrast,

the Paraschivoiu model has a value of 0.45 at a TSR of 4.9.

Aerodynamic Validation against Paraschivoiu Model

0.5 : .
0.4+
Table 4 VAWT characteristics in paper 0.3r
of Paraschivoiu (2009) o™
Parameter | Value Unit 0.2r
R 3 m
H 6 m 0.1+
C 0.2 m
N 2 01
p 180 degree Tip Speed Ratio ())
w 1 2 5 rpm Current model

Paraschivoiu model 2009

Figure 22 Validation of the current model with results
from turbines presented in Paraschivoiu (2009) paper
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Comparison on Parametric Model

The results in this section are mainly generated based on the parametric model displayed
in Figure 16 and parameter table in Appendix C2. In addition, the code in Appendix A is
combined with code in Appendix C3, then integrated in the function box in Simulink as seen
in Figure 16. The parametric model was originally developed by Lu and Zanj (2022), then it
was optimised by removing code redundancies in this study to slightly improve performance

and reduce simulation time.

This section presents the various outcomes possible from the parametric model, including
aerodynamic results and electrical outputs. The iterative approach permits the model to
produce outputs continuously. It then generates new state variables by integrating results of
state-space equations using the method outlined in Appendix C1.

Aerodynamic Outputs Comparison

Results were obtained after running the simulation for 5 seconds simulation time, but it took
more than a minute due to many iterations. Several results such as Cp, TSR, aerodynamic
torgue, and angular velocity are generated in this section. the most important output is Cp
vs TSR curve as shown in Figure 23. After running for 5 seconds, the Cp increases as the
TSR increases. Both models produce outputs that are slightly different but essentially the
same. At the end of the simulation, the highest Cp of 0.598 in current model and 0.6 in Lu

and Zanj model (2022) at steady state as shown in Figure 24.

0.61 Comparision on Cp vs TSR Timeseries
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0.58 | .
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0.53 1 1 1 1 1 1
3.6 3.65 3.7 3.75 3.8 3.85 3.9 3.95

Tip Speed Ratio ()

Current model
Lu & Zanj model 2022

Figure 23 C, vs TSR curve during 5 second simulation time
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According to Figure 24, the outputs are increased at the start of the simulation. After 2
seconds, all results reached its steady state value. The initial values were produced using
the code provided in Appendix A, and then increased while implementing state-space
equations of the generator model, which are illustrated in Appendix C. All results generated
from current model slightly lower than the results obtained from Lu & Zanj paper. This can
be attributed to the fact that the Gorlov VAWT model generates less torque, resulting in
lower values for other outputs. Based on these results, it can be concluded that the new
model can be incorporated into the generator model, due to strong agreement of two
models.
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DC Electrical Outputs Comparison

The parametric model produces three-phase electrical outputs, which are obtained using

state-space equations described in Appendix C2. Specifically, the voltage for each phase

dx; dxg dx,

can be represented by the time derivative of certain variables, such as =5 = —=.

Therefore, the current and power are determined according to the following equations:

P =1 X R?

== ;

R
From above equation, R equals to 21.3725 Ohm which can be found in table of parameter

in Appendix C2. Therefore, the results of all electrical outputs are presented in Figure 25.
To compare with the results from Lu and Zanj, it is necessary to determine the average
values for each electrical output. The average values are obtained by taking the average of
the peak and trough values at steady state. The steady state is achieved after running the

Rectified DC volﬂ Timeseries DG Current Timeseries
150 T T T T 7 T T T
1495 (1.0 -SSP R A A Bt s e P e i e
1|Ju.HIhduhh[“.hthlJ
3 7
P it ————r i Y V] AR age | v & 20 mod! 2022:69T1 A
Lu & Zanj mode| 2022. 148.99 V '1]
1485 .l““ 6.94 - Current model. 6.8485 A
Current model: 148.477 V
148 e92|
= <
& 1475 % 6ol
s 5°
147 688 |
146.5 686 |
148 o4
1455 ~ e82 ;|
145 - . 68
o s 1 15 2 25 3 35 4 45 5 0 05 1 15 2 25 3 35 4 45 5
Time [s] Time [¢]
——— \ohago Phago a Curent Phase a
Volage Phase b ————Current Phase b
VoRtago Phase ¢ Curent Phase ¢
——— Avarage Vorage of Currant medsl Average Currmnt of Currmt mode!
———— Average Vokage of Lu & Zanj model 2022 Average Cument of Lu & Zony medel 2022
1080 Rectified DC Power Timeseries

Power [W]

o 05 1 15 2 25 3 35 4 45 5
Time [s]

Powar Phaso a

Power Phase b

Power Phase ¢
= Avarage Power of Gurrent model
Avarage Powar of Lu & Zan| model 2022

(c)

(a) DC Voltage; (b) DC Current; (c) DC Power

Figure 25 DC electrical outputs derived from three-phase electrical outputs
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simulation for 2 seconds as seen in Figure 25. The average voltage, current, and power of
the results from current model are 148.477 V, 6.9465 A, and 1031.6765 W, respectively. In
comparison, the model proposed by Lu and Zanj yield slightly higher values of 148.99 V,
6.971 A, and 1038.761 W for voltage, current, and power, respectively. This can be
explained that the state-space equations require both aerodynamic torque and angular
velocity to determine electrical outputs. Therefore, increasing torque and velocity will result

in higher electrical outputs.

Comparison on Experimental Setup
In this section, the focus is on the experimental results. The section will be divided into two
parts. The first part will analyse the results of different fan setups to determine which is

better. The second part will use the best setup to validate the mathematical model.

Comparison on Results of Two Fan Setups
Several tests have been done regarding the experimental testing procedure for 3-fan and 4-
fan setup proposed in Figure 18. Experimental results have been collected and analysed in

Microsoft Excel, and a MATLAB code for plotting these results is shown in Appendix E.
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Figure 26 Experimental results of two setups on
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According to the anemometer sensor data displayed in Figure 26a, the turbine can receive
the maximum wind velocity at fan speed level 3. the configuration with three fans offers
better quality of airflow compared to the configuration with four fans. Similar trends were
observed in the aerodynamic torque and angular velocity data collected from the load cell
and tachometer sensors, respectively. According to Figure 26b, the three-fan configuration
produces the highest torque at fan speed level 3, reaching a maximum of 0.009 N.m. The
configuration described previously resulted in a maximum angular velocity of 32 rpm, as
shown in Figure 26c¢. Furthermore, the experimental electrical results collected from DC
Electronic Load device presented in Appendix F demonstrate a similar pattern.

As a result, the results generated from three fans configuration will be used for validation

against the mathematical model proposed in this study.

Experimental Setup and Mathematical Model Outputs Comparison

The information contained in Table 5 is based on the findings presented in Figure 26. Thus,
the parameters listed in Table 5 and

Table 6 are then inserted into the MATLAB code provided in Appendix A to generate Cp,
TSR and aerodynamic torque for validation. These outputs will be used in another MATLAB

code in Appendix G to generate the results shown in Figure 27.

Table 5 Summarised experimental results collected three fans configuration

Fan Speed
1 2 3
Parameter
Voo [Mm/s] 5.6792 5.9218 6.0179
w[rpm] | 27.644 | 29.771 31.511

Table 6 VAWT characteristics of VX-6/5 prototype for validation

Parameter Value Unit

R 0.3415 m

H 1 m

c 0.0816 m

N 2

k4 180 degree
Voo Refer to Table 5 m/s
) Refer to Table 5 rpm
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According to Figure 27a, the experimental aerodynamic torque is lower than the

mathematical model results. However, the current mathematical model results are closer to

the experimental results than the results from the Lu & Zanj (2022) study. At a wind velocity

of 6.018 m/s, the VX-6/5 prototype is exerted a torque of 0.009 N.m. The current model and

Lu and Zanj model are exerted torques of 0.01 N.m and 0.012 N.m, respectively.

Furthermore, the result Cp vs TSR in current model is closer to the experimental result than

the result of the Lu and Zanj model. Moreover, the Cp value is observed to increase as the

TSR increases. However, this trend is not as prominent in the results of both mathematical

models, as depicted in Figure 27b.
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Figure 27 Validation of the mathematical model with experimental results collected from 3-fan setup
(a) Aerodynamic Torque; (b) Cp, vs TSR

Therefore, it is apparent that the findings obtained from the proposed Gorlov VAWT model

have the potential to more accurately reflect the VX-6/5 outputs than the previous model
introduced by Lu & Zanj (2022).
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DISCUSSION

In the discussion section, it is critical to examine the results in relation to the project goals
outlined earlier in this study. The main objective is to verify the new helical-blade VAWT
model and integrate it into the current parametric model. Before this can be done, it is
important to confirm the accuracy of the new model by comparing them with various VAWT
models previously published. Additionally, the new model must be validated against the VX-
6/5 prototype owned by VAWT-X Energy. The results presented in sections ‘Comparison on
Aerodynamic Model' and ‘Comparison on Experimental Setup’ will be discussed in
conjunction, while the results presented in the ‘Comparison on Parametric Model’ section
will be discussed separately.

Accuracy of the Gorlov VAWT

At the beginning of this study, it was challenging to differentiate between the proposed model
in this study and the one introduced by Lu and Zanj (2022). Since all parametric VAWT
models found in the literature applied very similar physical principles and theories. However,
the coding algorithms used to implement these models can vary significantly. The most
significant factor in distinguishing between the straight-bladed and helical-bladed vertical
axis wind turbines is the result of torque distribution, as shown in Figure 20. In a helical-
bladed VAWTS, the torque is distributed uniformly throughout the rotation of the turbine. This
is not the case for straight-bladed VAWTS, where torque is at its highest at certain locations
and very low or even negative at others. According to Figure 20, the torque decreases when
the airfoil is parallel to the airflow, which occurs at locations near -90° and 90°. the AOA is
extremely minimal and even reaches zero in these sections, leading to low and even
negative torque exerted on the blades in these areas. One way to address this phenomenon
is to replace with helical blade. This unique shape of blade enables the turbine to face the
airflow from any directions. This statement affirms the findings of Moghimi and Motawe]
(2020a), which suggested that the use of helical blades can decrease the torque instability
that is often observed in straight-blade VAWTSs.

Moreover, the proposed model has demonstrated to have strong agreements in results while
comparing with different VAWT models in the literature. The following Table 7 contains a

summary of results collected from Figure 19, Figure 21 and Figure 22.
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Table 7 General comments on validation of proposed aerodynamic model

VAWT in Lu and VAWT in Moghimi VAWT in
Zanj (2022) and Motawej (2020) | Paraschivoiu (2009)
TSR operation
1.3t08.2 0.7t0 6.5 1.3t09.8
range
Maximum Cp 0.59 at4.5 TSR 0.49 at 3.6 TSR 0.48 at 5.6 TSR
below 2.6 TSR, and | below 2.5 TSR, and | below 2.9, and
Cp lower than 0.1
above 8 TSR above 6.3 TSR above 9.4 TSR
¢ Big range of e Small range of e Best range of
operation operation operation
e High Cp, but e Can achieve good |e Good Cpachieved
Comments o _
unrealistic Cpatlow TSR at high TSR
e Best range with Cp |e Small range with | e Big range with Cp
higher than 0.1 Cp higher than 0.1 higher than 0.1

From Table 7, It is clear that the two-bladed VAWT (Lu & Zanj 2022; Paraschivoiu 2009)
has the better TSR operation range then the three-bladed VAWT introduced in Moghimi and
Motawej (2020). Furthermore, it can be observed that the range with a Cp greater than 0.1
is larger in the case of a two-bladed VAWT compared to a three-bladed one. However, in
order to achieve the maximum power coefficient Cp, a higher TSR was necessary for two-
bladed VAWT. Besides of those findings, the validity of the proposed model was
demonstrated as the results generated closely matched the results of three other studies

examined in this research.

Apart from that, the experimental setup also plays an important role in confirming on the
accuracy of the proposed model. It was not initially anticipated that the results would show
better performance for the three fan configurations. Prior to this study, the VX-6/5 had always
been tested using a four-fan configuration. The discovery is significant as it assists in
identifying the optimal setup for validating the mathematical model. Furthermore, the
enhancement of the VX-6/5 model is demonstrated to be essential for the restoration of the
experimental testing. With aid of the wind tunnel, the experimental setup is able to rotate at
maximum speed of 60 rpm in the absence of any electrical load. Therefore, the experimental
results was successfully collected and analysed against the mathematical model results.
These results again demonstrate the accuracy of the proposed model, as they closely match

the results of the physical testing prototype.
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Connectivity between Gorlov VAWT model and Generator model

As discussed in the Case Study section, the parametric model owned by VAWT-X Energy
consists of aerodynamic model and generator model. Even though the new aerodynamic
model has found to be accurate by comparing with other results in the literature, it is still
important for it to be integrated with the generator model to become the complete system.
When comparing the results of the new parametric model with those of the existing
parametric model (Lu and Zanj 2022), the input parameters were kept the same as stated
in that study. The rotational speed of 260 rpm used in this comparison was also taken from
the paper that was cited. In the previous discussion section, it is evident that the results of
Cp are heavily influenced by the initial angular velocity input into the model. According to
VAWT characteristics in Lu and Zanj paper, the initial angular velocity was set to 260 rpm,
resulting in a 0.59 coefficient of performance that was very close to the Betz limit. While two
other studies showed a lower angular velocity of 125 rpm, which resulted in a much lower
Cp of approximately 0.49. Although the results of this comparison indicate that two models
are in strong agreement, the aerodynamic results are still not realistic in terms of power
coefficient. Nevertheless, the main goal for this activity is to determine how the new
proposed aerodynamic model is connected to the current generator model. Hence,
enhancing the overall performance of a parametric model or the specific performance of a

general model is not within the scope of this study.
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Limitations and Suggestions on Future Work

Limitations

Suggestions on Future Work

The proposed Gorlov VAWT model can
simulate the aerodynamic results more
accurately than the existing aerodynamic
model. However, it is not operational at
low speed (less than 3.5 m/s) due to the
complexity of the  aerodynamic
equations, which causes negative values
during calculations that have not yet

been resolved.

One way to enhance the performance of the

Gorlov  VAWT model is to improve the
upstream and downstream functions that were
designed for straight-bladed turbines. These
functions may not fully account for the added
complexity of the helical shape.

Moreover, the coding algorithms could be
modified to perform the upstream and
downstream calculations can be performed for
each stream tube simultaneously instead of
carrying out the upstream calculations first and

the downstream calculations afterwards.

The proposed model has proven to be
integrated well with the generator model.
The parametric model can imitate the
performance and electrical outputs of a
VAWT by using an aerodynamic model
and generator model. Nonetheless, there
are still components that can be
integrated into this model, such as the
Eddy Current Brake, which

more expertise in electromagnetism.

requires

Every turbine requires an effective braking
system to endure harsh wind conditions.
Therefore, Eddy Current Brake is essential for
VAWT-X Wind Turbines. Implementing this
can significantly increase the controllability of
turbine.

Additionally, the capacity of the model can be
enhanced by refining the state-space
equations and the parametric model in

MATLAB/Simulink.

The self-start issue with the VX-6/5
prototype has been resolved. However,
the turbine is only rotating at a slow
speed, which is around 60 rpm, without
an electrical load. The reason for this
could be that the fan output is low, the
VX-6/5 is far away from the wind source,
tunnel structure is

or the wind

incomplete.

By upgrading the wind generation source,
such as replacing with more powerful fans or
adding more fans at the other end of wind
tunnel, might improve the wind power.

Furthermore, the wind quality may be
improved by installing a honeycomb structure
in the wind tunnel and moving the VX-6/5

prototype closer to the source of wind.
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CONCLUSION

The primary aim of the study is to optimise and increase the capacity of the existing
mathematical model and experimental setup of VAWT-X wind turbines. To do that, several
goals and objectives must be met. The study involved creating a new model of the helical-
blade Gorlov VAWT and implementing it in MATLAB. The model took into account the effect
of helical angles on the blades. Additionally, modifications were made to the VX-6/5
prototype to increase its testing capacity and address the self-starting issue. Afterwards, the
wind tunnel should be built in order to improve the wind conditions for experimental tests.
Furthermore, it is crucial to validate the accuracy of the proposed new aerodynamic model
and effectively integrate it with the existing generator model. This has been achieved
through comparing the results of aerodynamic model with various VAWT models present in
the literature, as well as experimental data collected from VX-6/5 prototype. In addition, the
strong agreement on the results of the proposed parametric model with the existing
parametric model demonstrates that it can be effectively integrated with the generator
model. Moreover, the torque distribution results show a significant difference in torque

exerting on blades between straight-bladed and helical-bladed VAWTSs.

Discussion of limitations and proposed suggestions for future work are provided. To solve
the problem of not being able to function at wind speeds below 3.5 m/s, improvements need
to be made in the upstream and downstream functions, as well as in the coding algorithms.
In addition, refining the state-space equations in the generator model and adding Eddy
Current Brake system can further increase the capacity and controllability of the model.
Moreover, the experimental setup can be further improved by replacing more power fans,
adding more fans at the other end of the wind tunnel, installing a honeycomb structure to
the wind tunnel and moving VX-6/5 closer to the wind source, are can potentially increase

the wind quality and testing capacity of the experimental setup.

The successful of this study will be beneficial for the development of VAWT-X Energy
technologies. It is hoped that this research will contribute into addressing the lack of

knowledge and research in helical-blade VAWT technology.
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APPENDICES

Appendix A: MATLAB code Gorlov VAWT modelling on VX-6 and VX-6/5

Removed due to copyright restriction
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Appendix B: MATLAB code for Comparison on Aerodynamic Model

Removed due to copyright restriction
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Appendix C: MATLAB/Simulink code of Generator model

1) State-space equations and state variables in generator model

The following series of equations describe the state-space equation in the generator model
(Lu and Zanj 2022).

The following equation describes the matrix of variables by applying integration to the state-

space equations in the generator model (Lu and Zanj 2022).

2) VX-6 parameters used in parametric model comparison

The following table presents all parameters used in the MATLAB/Simulink code, including

all geometrical parameters of turbine, and electrical parameters of generator model.

Parameter Value Unit

E: 0.036 [H]

W 0.8419 [Wb]
Jmtor 3.2714 [m4]

b 11.8 [kg/s]
n, 12 [pole pairs]
Iy 0 [22]

Tioad 21.3725 [22]

N 2 [1]

c 0.1875 [m]

H 5 [m]

R 15 [m]
Tuned parameter: b 8.8381 [kg/s]
Tuned system input: V. 11.2 [m/s]
Initial condition: x; (0) 89.0704 [kg m/s]
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3) MATLAB code for generator model used in MATLAB/Simulink

The following code has been written in MATLAB/Simulink and used for integration with the
aerodynamic model of Gorlov VAWT (Lu and Zanj 2022).

Removed due to copyright restriction
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Appendix D: Three-phase Electrical Outputs of current parametric model

3-phase Voltage Timeseries
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Appendix E: MATLAB code for Comparison on 3 fan speed settings

Removed due to copyright restriction
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Appendix F: Experimental Electrical Outputs of VX-6/5 prototype
collected from DC Electrical Load device

Comparsion of Voltage measured on Two Setups
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Appendix G: MATLAB code for Comparison on Experimental Setup

Removed due to copyright restriction
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