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a b s t r a c t

Vertical Axis Wind Turbine (VAWT) technology has been identified to be a potential disruptor to
the wind energy industry. However, this technology is yet to deliver the promised performance,
mainly due to its system design. To help designers reveal the VAWTs’ technological potential, the
current study focuses on developing a physics-based, interrelated multi-domain dynamic model of
the whole system to be used for systematic design optimisation and integrated system performance
analysis. To achieve this the subsystems and design parameters of a typical VAWT are first identified.
Then by dynamically coupling domain-independent models of the involved components with DMST,
an integrated parametric modelling platform is generated and executed in MATLAB/Simulink. The
developed parametric tool is then validated at a system level using performance data from a 6kW
VAWT-X Energy case study turbine, showing a high level of accuracy and robustness. Finally, the
system dynamics are studied through sensitivity analyses to evaluate the suitability of the platform
for further dynamic analysis and design optimisation. The simulated results indicate the existence of
component interaction induced dynamics with significant impact on system performance if neglected.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Vertical Axis Wind Turbines (VAWT)s are an alternative con-
iguration to highly-successful Horizontal Axis Wind Turbines
HAWT)s, the most common type being the Darrieus VAWT
atented in France in 1925 (Tjiu et al., 2015a). In contrast to
he success of HAWTs, vertical-axis technology has mostly been
eglected due to the focus on utility-scale HAWT power gen-
ration (Whittlesey, 2017). However, due to recent advances in
eneral aerodynamic modelling and wind turbine design, VAWTs
ow have the opportunity to disrupt the state of wind energy as
hey cover some limiting factors of their successful competitor,
uch as high noise level, vast environmental footprint, large blade
ody-forces, and its lower theoretical efficiency compared to
arrieus VAWTs (Tjiu et al., 2015b).
Although the merits of the VAWT show that there is potential

or this technology to find a niche, VAWT’s current designs have
ot yet provided tangible evidence to reveal such theoretical
otential. Majority of design methods used for VAWT design
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are an adjusted version of well-developed HAWT design tools,
developed and successfully tested over the decade for HAWT
challenges. However, it seems such adjusted tools are lacking
to consider the complexity of VAWT delicate dynamics, large
variation in angles of attack and the effect of downwind section
interactions (Subramanian et al., 2017). Therefore, a dedicated
VAWT design and simulation tools seems to be required to assist
in converging its designs to higher efficiencies and allow VAWTs
to compete with HAWTs certain applications.

Extensive modern studies have already been performed re-
garding the aerodynamic performance of Vertical Axis Wind Tur-
bines (VAWTs) but are mostly concerned with analysing H-type
Darrieus rotors. Chen et al. (2016) provided a performance study
by observing the effect of aerofoil parameters on the power coef-
ficient Cp of the turbine using an automatic Computational Fluid
Dynamics (CFD) analysis in 2D Systematic aerofoil generation,
meshing, simulation, analysis, and optimisation between several
aerofoils in the NACA0018 family returns an optimal aerofoil and
the effect of Tip Speed Ratio (TSR) λ on the torque and power
coefficients for a three-bladed Darrieus-H turbine. Subramanian
et al. (2017) studied the effect of solidity ratio on a similar VAWT
using 2D and 3D simulations and reaches agreement within about
16% error compared to experimental data (McLaren, 2011). How-
ell et al. analysed the Cp for several operating TSR with a sliding
mesh technique and reaches reasonable agreement with their
experimental results. Authors emphasise that 2D analyses do not
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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onsider the vortex interactions and separations at high TSR and
hus return an increased Cp in, those conditions compared to
reality by Subramanian et al. (2017), Bhargav et al. (2016) and
Howell et al. (2010). Chen and Lian (2015) also used a sliding
mesh CFD analysis to study the vortex dynamics of a Darrieus-H
rotor with the transient RNG k-ε turbulence model. Their results
how a lower performance in the range TSR > 2 compared to
ubramanian et al.’s (Subramanian et al., 2017) results, which
mplemented SST k-ω. Chen and Lian (2015) proposed using a
arge Eddy Simulation (LES) model in future work to increase
esult accuracy. However, Subramanian et al. (2017) observes that
hile other authors have successfully described H-rotor perfor-
ances using LES models, there are still discrepancies in the
redicted forces in the downwind section at high TSR. Having
aid, although 3D computational analysis seems to provide the
ost accurate, high-fidelity, and customised results, they are
ot computationally cost effective, which makes them poor for
terative design and optimisation.

Several other aerodynamic models have been used to study
he performance of VAWTs, including the widely used vortex
nd momentum models (Islam et al., 2008). The quasi-steady
ortex model introduced by Larsen in 1925 (Islam et al., 2008)
xamines the blades as a vortex filament to calculate the lift.
esearchers have used this method for H-type turbines and does
ot account for stall effects at large angles of attack, while tak-
ng considerable computation time (Islam et al., 2008). Strick-
and et al. (1979) introduced the dynamic vortex model in 1979
hich considered stall effects and generally improved the ac-
uracy of results. These models generally consume considerably
ore computational time than momentum models (Islam et al.,
008).
Momentum models apply Bernoulli’s Equation and momen-

um equations to find the velocities at different streamwise po-
itions and thus the force on a blade element as the change
n momentum in a stream tube. Jouilel et al. (2018) used the
lade Element Momentum (BEM) theory to predict the perfor-
ance of a traditional HAWT through Bond Graph modelling.
ilson and Lissaman in 1974 used the Blade Element Method

n multiple independent stream tubes to accurately determine
he performance of a Darrieus-H VAWT for lightly loaded tur-
ines but did not provide an accurate velocity field around the
lades (Islam et al., 2008). Paraschivoiu innovated the technique
n 1981 by introducing two actuator discs at the upstream and
ownstream positions in each stream tube (Paraschivoiu, 1981).
his Double-actuator-disc Multiple Stream Tube (DMST) method
eturns accurate results when compared experimentally but is
naccurate for high solidities and does not converge for high
SRs (Islam et al., 2008). Chen et al. (2016) observed that the
omentum, vortex and cascade models, not only, are faster but
lso can be more robust than CFD methods if experimental blade
oefficients and data are known.
Both CFD and other lower-fidelity models can be accurate

or describing the aerodynamics of VAWTs but do not consider
he effects of induced torque fluctuations from interactions with
ther components of the system while evaluating the actual
erodynamic power. Considering the intrinsically sensitive dy-
amics of vertical axis machines, the executed VAWT designs
rom such models has resulted in either low efficient VAWT
lade designs or highly efficient blade designs but poor real-life
erformance, which consequently has left poor reputation for
uch potential technology. Therefore, if VAWT technology is to
merge as a viable option, interrelated system design and mod-
lling tools should be available for iterative parametric design and
erformance optimisation. Such modelling tools should integrate
he system-level models with the component-level (e.g., rotor

lades, generator, shaft, braking system, and etc.) and include
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the interrelated component interactions while computing the
aerodynamic input of the system. Given the design process of
both configurations of wind turbines are highly multidisciplinary
and multi-physical, a domain independent approach deemed to
be more efficient to define dynamically coupled interfaces be-
tween different disciplines and trace requirements over discipline
boundaries.

While there is extensive literature on solely aerodynamic and
electrical modelling of components, few attempts have been
made to generate such dynamics interfaces between the com-
ponent of different disciplines. Previous research mainly used
the Bond Graph technique – a domain independent approach –
to attain this goal. Agarwal et al. (2012) studied a HAWT blade
for BEM analysis using finite beam elements modelling their
stiffness matrices with Bond Graph capacitors. The aerodynamic
performance was integrated with a simple extension model of
the rest of the system and produced aerodynamic performance
data. Sanchez and Medina (2014) interfaced the torque onto the
nacelle using MSe Bond Graph inputs taken from BEM considering
two lumped blade sections. A planetary gearbox and squirrel-
cage generator are modelled using Bond Graphs and validated
with real response data. In all these attempts, Bond Graph ca-
pability in execution of complex system state-space and defining
dynamic interfaces between the involved power domains were
successfully demonstrated (Lawrence, 2019).

The acquired promising results indicate if a system-level de-
sign tool is to be made, the Bond Graph approach seems to
best serve the purpose in providing the benefits of exposing
multi-domain physical phenomena in the system analysis. This
study aims to develop a physics-based multi-domain modelling
platform for VAWT systems using the Bond Graph technique. The
execution of this platform provides the foundation upon which
a multi-variable design procedure for VAWT technology become
possible form its first principles physics. There is the hope that
utilising this platform leads to generating new combinatory de-
sign parameters for more realistic VAWT designs, fostering the
acceptance of this potential technology in the current market.

The reminder of this paper is organised as follows. Section 2
selects a case study VAWT and defines its components and sub-
systems, then the relevant parameters are identified. In Section 3
the combined mathematical model of the case study VAWT is
executed using Bond Graphs for the system components and
the DMST method for external aerodynamic loads. In Section 4
the solution algorithm is designed and implemented in MAT-
LAB/Simulink, and the performance of the case study is simu-
lated and validated with experimental data. Finally, the suitability
of the developed tool is evaluated through series of sensitivity
analyses; its effectiveness in an iterative design procedure is
concluded in Section 5.

2. Case study

The scarcity of research into scalability to multi-megawatt
units and farms is one of the barriers to market competitive-
ness (Whittlesey, 2017) so many small, residential scale VAWTs
have been proposed (Alé et al., 2007; Casini, 2016; Kumar et al.,
2018; VAWT-X Energy, 2021), aiming for the possible residential,
building integrated, off-grid or Virtual Power Plant (VPP) ap-
proach. This paper will consider the modelling of a helical turbine
developed by VAWT-X Energy as seen in Fig. 1. The components
of interest in the system are the aerodynamic performance, an
Eddy-Current Brake (ECB), and a Permanent Magnet Synchronous
Generator (PMSG).

The VX-6 VAWT is a novel prototype turbine that uses two
helical blades that sweep half a revolution around the vertical axis
with a constant cross-sectional shape as can be seen in Fig. 1. This
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Table 1
VX-6 known parameters.
Parameter Symbol Value Unit

Aerofoil NACA0015 –
Advertised power rating Prated 6000 W
Height H 5 m
Radius R 1.5 m
Chord c 0.1875 m
Number of blades N 2 blade

cross-sectional shape is defined by a proprietary aerofoil which
will be approximated in this paper using the NACA0015 aerofoil.
Spokes connect the blades at the top and bottom of the rotor
assembly and are rigidly connected to the vertical shaft. This shaft
directly drives the 6 kW-rated Permanent Magnet Synchronous
Generator housed in the cylindrical casing below the rotor and
is connected to an electrical load such as the distribution grid
or battery storage. An eddy current braking system is installed
on the drivetrain in parallel with the shaft and generator which
receives an input control current from an external source. The
general design parameters of the VX-6 turbine system used in this
study are shown in Table 1.

3. System mathematical modelling

In this section using the Bond Graph method the mathematical
odel of each component of the selected VAWT introduced in
ection 2 is constructed and integrated to form the state-space
epresentation of the system such that the component inter-
ctions and system dynamics can be analysed combined with
erodynamic loads.

.1. Rotor aerodynamics model

The rotor aerodynamics were modelled using DMST which
eals with the calculation of blade forces and rotor torque using
 t
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BEM over two VAWT actuator discs and multiple stream tubes
accounting for the varying angles of attack in each stream tube.
This analysis assumes that the incoming wind is homogeneous
and unidirectional and will calculate the average steady state
torque exerted on the rigid blades and rigid vertical shaft for a
certain constant wind speed and certain instantaneous rotational
speed. The geometrical discretisation and the detailed procedure
of the implemented DMST is presented in Fig. 2. It should be
mentioned that here each stream tube is assumed to have the
same cross-sectional area and inlet speed.

The output of the DMS code, τaero, will be considered as an
nput to the system state-space model, named u1.

.2. Generator model

The generator selected for this study is a three-phase Per-
anent Magnet Synchronous Generator (PMSG) directly driven
y the vertical shaft of the turbine. Methods proposed by many
uthors for modelling PMSG advocate for the equivalent circuit
pproach derived from dq0 reference frame analysis (Acharya
t al., 2016; Kulkarni and Thosar, 2013; Paul et al., 2002; Rolan
t al., 2009). In this method, the mechanical interface is simply
efined by an input torque signal. However, to work in a system-
riented approach a dynamic interface is required; a coupled
lectrical–mechanical interface should replace the simple torque
ignal. Multiple authors implement this using an energy conser-
ation approach to model the interface between mechanical and
lectrical power (Batlle and Doria-Cerezo, 2008; Borutzky, 2011).
hese authors use a system energy function derived from the
efinition of a linear magnetic system. The resultant state equa-
ions are linked using a Bond Graph and simulated using 20-sim,
iving reasonable results. This multi-domain, system approach
ill assist in the development in a system-of-systems design tool.

n this section we use the same scenario to develop a physics-
ased model of a PMSG and execute a dynamic interface between
he electrical and mechanical components of the system.
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The behaviour of the emf and torque can be modelled by
onsidering the behaviour to be analogous to linear magnetic
ystem where magnetic saturation does not occur. It is possible
o derive this behaviour from first-principles electrodynamics.

.2.1. Hamiltonian formalism of a linear magnetic system
For a reversible electromechanical energy storage system, the

nergy balance can be described as the balance of the electrical
m, mechanical Em and storage E energy rates. The energy stored

can be named as a Hamiltonian function.

Ėe = Ėm + Ė (1)

The electrical power Ėe can be written as the product of
voltage e and current i. Similarly, the mechanical Power can be
written as the product of the magnetomotive force Ff and the
velocity dx

dt . Using the simplified form of the Maxwell–Faraday
Equation the energy balance can be written as follows:
dλψ
dt

· i = Ff
dx
dt

+
dE
dt

(2)

In total differential form, this reduces to the following relation
with state variables λψ and x:

dE
(
λψ , x

)
= idλψ − Ff dx (3)

A permanent magnet machine can be approximated as a linear
magnetic system (Borutzky, 2011) in terms of the machine pa-
rameter inductance L that is geometrically dependent (Batlle and
Doria-Cerezo, 2008; Fitzgerald et al., 2003). Assuming a reversible
magnetic storage the equation for stored energy in the field can
be written as follows.

E
(
Λφ, X

)
=

∫ (Λψ ,X)

(0,X)

λψ

L (x)
dλψ =

Λ2
ψ

2L (X)
∀

(
Λψ , X

)
∈

(
λψ , x

)
(4)

The Hamiltonian derived from the total differential represen-
tation of the energy balance in a permanent magnetic circuit is
dependent on the electrical momentum λψ and the mechanical
position x. The air-gap magnetic field energy acts like a mass and
a spring. It follows that the stored energy in terms of Bond Graph
notation can be represented using a two-port IC element.
8502
The energy stored in a multiport element can be described
using the following equation that sums the effort e and flow f
signals over time.

E =

∫ t

t0

η∑
i=0

eifi dt (5)

Applying the following integral substitutions dt =
dp
e , and

dt =
dq
f gives the energy stored in an IC element.

E (p, q) =

∫ p

p0

f dp +

∫ q

q0

e dq (6)

where p and q are the momentum like and displacement like
representative of the independent state variable of the energy
field, respectively. For our system, the multiport energy field
can be represented with one rotational mechanical port and one
electrical port, representing the rotor shaft and the winding,
respectively. For the electromagnetic domain, the flow f is anal-
gous to the current in the wire i, the momentum p is analogous
o the flux linkage λψ , and for the mechanical domain the effort e
s analogous to the shaft torque τ , and the position q is analogous
o the shaft angular displacement θm.

The energy balance from Eq. (3) and the stored energy func-
ion from Eq. (4) can be re-written in the context of a rotating
ne-phase permanent magnet machine.(
Λψ ,Θm

)
=

Λ2
ψ

2L (Θm)
(7)

For a rotating permanent magnet AC machine, the matrix L
s simplified to a scalar rotor inductance L independent of θ . The
lux linkage of the new machine now has a contribution from the
ermanent magnet ψ cos (θ) where ψ is the permanent magnet

flux with units of Weber.

E
(
λψ , θm

)
=

(
λψ + ψ cos (θm)

)2
2L

(8)

The energy function of the reversible IC field has been de-
rived; using Maxwell reciprocity the constitutive equations for
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Fig. 3. Bond Graph of 1Φ-PMSG adapted from Batlle and Doria-Cerezo (2008).
he electromagnetic and mechanical domains on the generator IC
omponent can be defined as follows:

=
∂E
∂λψ

=
λψ − ψ cos (θm)

L(θm)
(9)

τe = −
∂E
∂θm

= −iψ sin (θm) (10)

The reversible IC component executed here in fact forms a
ynamically coupled interface between the electromagnetic do-
ain and the rotor hub. To close the equations of the executed

eversible storage, mechanical displacement rate and momentum
lux rate must be delivered to the IC field.

To this aim, and for simplicity, a one-phase PMSG bond graph
odel, presented in Fig. 3, is created to match a model generated
y Batlle and Doria-Cerezo (2008). Performing a torque balance
n the mechanical hub gives the following equation:

aero − J
dωm

dt
− bωm − τe = 0 (11)

where τaero is the torque exerted on the rotor by the blades, J
is the moment of inertia of the rotor including the blades and
generator, ωm is the mechanical angular velocity and τe is the
electromagnetic back-torque caused by the interaction of mag-
netic fields in the air gap. Eq. (11) represents a 1-junction in
the mechanical domain placed in the left side of the IC element,
as shown in Fig. 3 which feeds the IC storage with mechanical
angular velocity. On the other side of the IC element inside the
electromagnetic domain, a pure resistive load is assumed and
thus a rotor resistance for phase a Ra, and an impedance load_a
are placed. This will facilitate the calculation of the electrical
current with which the momentum flux rate can be calculated
and fed into the IC element. Accordingly, the equation set for the
electromechanical side of the system will be closed.

An extended Bond Graph including the rotational dynamics
and 3Φ PMSG is synthesised and presented in Fig. 4 to form the
state-space representation of the whole system.

In this system level Bond graph, Bonds 1 through 6 describe
the lumped rotational mechanics of the VAWT rotor blades and
drivetrain components, bonds 7 through 19 describe the three-
phase PMSG behaviour, and bonds 19 through 21 correspond with
the Eddy Current Brake (ECB) components. The inputs to the sys-
tem are the torque exerted on the rotor due to the aerodynamic
forces, and the input current to the current-controlled ECB.

Parallel-connected rotational mechanics form a torque balance
equation using a damping coefficient b and an inertia equal to
JECB + Jrotor . The inertia of the rotor Jrotor describes the sum of
the inertia around the vertical axis of the blades, spokes, shaft,
generator rotor, couplings, and any other rotating parts. Given the
8503
VX-6 used in this study is a direct-drive system, no gear dynamics
are considered here.

A triple parallel connection of the executed 1Φ IC element
is used to represent a 3Φ PMSG as can be seen in Fig. 4. In
this combination, Ra, Rb, and Rc each correspond to each winding
resistance. The three output wires of the generator are assumed
to be connected in ∆ as per the schematic in Fig. 5a. Defining
the potential difference across two wires as an electrical source
of effort, the delta configuration can be drawn in Bond Graph
notation for as per Fig. 5b and c. This Bond Graph configuration
is used to place the three resistor loads Rload_a, Rload_b, and Rload_c
in the system Bond Graph on each branch of the 3Φ PMSG.

By fixing the causalities of the system Bond Graph the state
variables of the system are defined as below:

x =
[
p3 p7 q8 p11 q12 p15 q16

]
=

[
p θa λa θb λb θc λc

]
(12)

where p is the angular momentum of the rotor assembly. θa, θb,
and θc represent the mechanical angle of the rotor with respect
to each phase winding. λa, λb, and λc represent the flux linkage
of each phase and are not to be confused with tip speed ratio
denoted by λ.

The inputs of the system as mentioned earlier are the aero-
dynamic torque and the ECB electromagnet input current which
form the input vector as below:

u =
[
τaero iECB

]T (13)

Considering the executed bond graph of the entire system
the coupled state equations of the system can be obtained as
in Eq. (14) given in Box I which indicates a high degree of
nonlinearity in the system.

4. System integration and simulation

In this section first the integration process of the developed
sub models into an executable function is explained. Then the
presented one-phase generator and the DMST model will be
verified by the existing literature. To verify the performance of
the integrated platform, the simulation result of the model will be
compared with the VX-6 operational data. At the end the effec-
tiveness of the generated platform in observing the interactions
among the components is tested via series of sensitivity analyses.

4.1. Simulink implementation

The overall integration process is presented in Fig. 6. As can
be seen the DMST code receives the external wind speed and in-
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Fig. 4. 3Φ-PMSG, Drivetrain, and ECB Bond Graph model in 20-sim.
tantaneous blade rotational speed to generate the instantaneous
erodynamic torque on the hub assembly and delivers it to the
ystem state equation as the input u1. The controlled electrical
urrent of the ECB system is added to the state space as the other
nstantaneous input u2. The state equations after time integration
rovide the state vector input x to the system model. To run
he simulation the external wind speed, geometry discretisation
nformation for stream tubes, and other structural and conditional
arameters of the system including the state initial conditions
ust be provided as separate inputs. The integrated platform is
xecuted in MATLAB Simulink as shown in Fig. 7.
8504
4.2. Generator validation

To verify the 1Φ PMSG developed in Fig. 3 with the source
material by Batlle and Doria-Cerezo (2008), the same step input
torque of 2 [Nm] is considered as the drive torque and other
parameters of the system are set accordingly. The dynamic be-
haviour of the model is presented in Fig. 8. As it can be seen, the
generator performed exactly as expected and the output signals
displayed in Fig. 8 matched that of the reference model. It can
be observed that some sinusoidal oscillation exists in the angular
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d
dt

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

x1

x2

x3

x4

x5

x6

x7

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−
b
J
x1 −

ψ

L

(
x3 sin

(
npx2

)
+ x5 sin

(
npx2 +

2π
3

)
+ x7 sin

(
npx2 +

4π
3

))
x1
J

−
ψnp

J
· x1 · sin

(
npx2

)
−

Ra

L
x3

x1
J

−
ψnp

J
· x1 · sin

(
npx4 +

2π
3

)
−

Rb

L
x5

x1
J

−
ψnp

J
· x1 · sin

(
npx6 +

4π
3

)
−

Rb

L
x7

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

u1 + τECB (u2)

0

0

0

0

0

0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(14)

Box I.
Fig. 5. (a) ∆-connection schematic, (b) BG derivation, (c) reduced BG of ∆-connection.
Fig. 6. System model block diagram.
velocity response; the effects of this phenomena can be observed
later when considering the electrical output of the entire system.

4.3. Aerodynamic validation

To validate the DMST code developed here against literature
data, data provided in Moghimi and Motawej’s paper (Moghimi
and Motawej, 2020) is used. To this aim the DMST code is ad-
justed according to the parameter presented in Table 2. In this
case, the code was run with a fixed ωm to match the source
conditions. The TSR was incremented by changing V∞ and the Cp
was computed for each point. The result is presented in Fig. 9. A
comparison to the source data shows a good agreement of results,
with a slight over-prediction after λ = 5. The match shows that
this code is sufficient to use for other similar scenarios.
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Table 2
VAWT parameters for DMST validation.
Parameter Value Unit

R 3 [m]
H 6 [m]
c 0.2 [m]
N 2 [1]
ω 125 [RPM]
ρ 1.225

[
kg/m3]

ν 1.461E−5
[
m2/s

]

4.4. System simulation & validation

VX-6 baseline system response The known VX-6 system parame-
ters were inserted into the model taken from manufacturer data
and Table 1 substituting the proprietary aerofoil with the similar
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Fig. 8. 1Φ PMSG step response compared to source material (Batlle and
oria-Cerezo, 2008).

Fig. 9. Current DMST compared to source data.
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Table 3
VX-6 baseline test parameters derived from data.
Parameter Value Unit

Lr 0.036 [H]

ψ 0.8419 [Wb]
Jrotor 3.2714 [m4

]

b 11.8 [kg/s]
np 12 [pole pairs]
rr 0 [�]

rload 21.3725 [�]

N 2 [1]
c 0.1875 [m]
H 5 [m]
R 1.5 [m]
Tuned parameter: b 8.8381 [kg/s]
Tuned system input: V∞ 11.2 [m/s]
Initial condition: x1 (0) 89.0704 [kg m/s]

NACA0015. Standard air properties were used: ν = 1.461E −

[m2 s−1
], ρ = 1.225 [kg m−3

]. The eddy current brake was
gnored for the initial test so u2 = 0 [A], and ρECB = 0

[
m4

]
so

hat JECB = 0
[
m4

]
(see Table 3).

The free variables in the response test were the damping value
, and the wind speed V∞ as these were not able to be derived
rom the data provided. These variables were tuned such that the
erodynamic torque input corresponded to the nominal torque
t the nominal velocity of 260RPM. The initial conditions for all
tates were set to zero except for the momentum x1 which was
et to a value corresponding to the nominal velocity.
The simulation was run until the rotational speed converged

o its steady state value close to 260RPM. At this steady-state
perating point of V∞ = 11.2 m/s and λ = 3.644, the resultant
P was 52.9% which corresponds to a torque of 250.8 Nm and
n aerodynamic input power of 6824 W. The remaining steady-
tate performance variables can be seen in Table 4. To measure
he effective output power of the system, a three-phase full-
ave bridge rectifier was assumed to be the conversion method
etween AC and DC. The DC output can be determined by av-
raging the absolute values of the voltage and current signal
eaks as per Fig. 10, assuming an ideal rectifier is used, and a
ufficiently large smoothing capacitor is attached such that the
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Fig. 10. VX-6 Baseline (a) Mean Voltage (b) Mean Current.
Fig. 11. VX-6 baseline total electrical output power.

ectifier voltage ripple is negligible. The sinusoidal variation in
oltage and current peaks is due to the oscillating angular velocity
t steady state; a phenomenon observed in the generator step
esponse previously in Fig. 8. Applying the P = i2rload equality
o the rectified DC current values gives an average of 2185 W of
ower output per phase, resulting in 6555 W as the total power
utput as seen in Fig. 11. 0.49 kW of heat and other losses are
tated in the datasheet; when these are taken into account, the
ffective output of the system is 6065 W. The power output error
s −2.18% when compared to the nominal datasheet values.

The simulation was run until the rotational speed converged
o its steady state value close to 260RPM. At this steady-state
perating point of V∞ = 11.2 m/s and λ = 3.644, the resultant
P was 52.9% which corresponds to a torque of 250.791 Nm and
n aerodynamic input power of 6824 W. The remaining steady-
tate performance variables can be seen in Table 4. To measure
he effective output power of the system, a three-phase full-
ave bridge rectifier was assumed to be the conversion method
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Table 4
VX-6 baseline performance comparison.
Performance variable Expected Actual Error [|%|]

Angular velocity ω 260 [RPM] 259.821 [RPM] 0.069%
Shaft power (aerodynamic) 6700 [W] 6824 [W] 1.851%
Torque at rated speed 245 [Nm] 250.8 [Nm] 2.367%
Electrical output power 6200 [W] 6065 [W] 1.790%
Phase voltage (average) 218 [V] 216.091 [V] 0.876%
Phase current (average) 10.2 [A] 10.111 [A] 0.873%

between AC and DC. The DC output can be determined by av-
eraging the absolute values of the voltage and current signal
peaks as per Fig. 10, assuming an ideal rectifier is used, and a
sufficiently large smoothing capacitor is attached such that the
rectifier voltage ripple is negligible. The variation in voltage and
current peaks is due to the oscillating angular velocity at steady
state; a phenomenon observed in the generator step response
previously in Fig. 8. Applying the P = i2rload equality to the
rectified DC current values gives an average of 2194 W of power
output per phase, resulting in 6581 W as the total power output
as seen in Fig. 11. 0.49 kW of heat and other losses are stated in
the datasheet; when these are taken into account, the effective
output of the system is 6091 W. The power output error is 1.79%
when compared to the nominal datasheet values.

It is important to note that the difference between the 6824 W
of input aerodynamic power and the 6091 W of electrical output
includes the generator losses and the effect of averaging the
absolute values of the peaks of the current signal. Another source
of error when comparing the simulation to the datasheet values
is the discrepancy between operating points and the derivation
of parameters from limited data. The operating point velocity
and torque were determined from tuning the damping value
and the free-stream wind velocity manually until the velocity
converged at 260RPM. Due to human limitations and the complex
inter-dynamics between the aerodynamic and electrical feedback
torques the final operating point was measured slightly lower
than the nominal value and thus would cause small discrepancies.
An optimisation algorithm may be invoked in future work to use
this tool to precisely determine operating points and increase
accuracy in simulation results. Some parameters such as the flux
ψ and the rotational inertia Jrotor were determined as a function
of other variables such as magnetic flux density B, and rotor
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Fig. 12. VX-6 Transient Test (a) Angular velocity response (b) CP and TSR timeseries overlay.
eometry, respectively. Errors in approximation may have caused
iscrepancies in the dynamics compared to reality.

X-6 transient dynamic response The simulation was run to ob-
erve the transient mechanical response by tuning the damping
onstant and initial condition such that the speed interval tra-
ersed in the transient period is wide enough to form recognis-
ble curves. Both the damping constant b and the initial condi-
ion x1 (0) were increased by 50%, increasing power dissipated
s frictional heat and increasing the starting rotational speed,
espectively.

Fig. 12a shows the angular velocity response which appears
o converge to an intermediate value until about 0.35 s where
t inflects and tends towards zero. This phenomenon can be ex-
lained by observing the instantaneous CP timeseries in Fig. 12b.

The angular velocity is normalised to a TSR measurement, and it
can be seen that the CP peaks around 55% and then quickly drops
to near zero as TSR tends towards zero. The transient angular ve-
locity response for this test traverses over the high CP range while

≤ λ ≤ 5.5, where the angular velocity appears to converge to
higher value. Once the TSR drops below approximately 4, the
fficiency and therefore generated power decreases significantly
nd the turbine slows to zero. A plot of the CP against λ timeseries
an be seen in Fig. 13 where the precise behaviour of the angular
elocity response may be inferred from simulation data.

X-6 sensitivity analysis: Initial speed It was observed during the
revious test that the steady-state rotational speed converged
o two different values depending on the rotational speed. This
est will explore the threshold of initial speed ωm (0) = x1 (0) /J
that results in different convergence values. The initial condition
increment was manually refined at values close to the threshold.
Fig. 14 shows that a VAWT characterised with a varying initial
speed produced acceleration from about 10 rad/s which is 95
RPM. This tool is able to predict that a motor should be used to
accelerate the turbine to 95RPM if a cut-in speed of 5 m/s is to
be used with this VAWT.

VX-6 sensitivity analysis: Wind speed The simulation tool used in
a sensitivity analysis on free-stream wind velocity V∞.

From approximately 13 rad/s initial angular velocity, the final
velocity converges to a different steady state depending on the
wind speed. The steady state gain increases linearly from about

3 m/s to 7 m/s. At higher wind speeds, the angular velocity steady
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Fig. 13. VX-6 Transient Test CP vs. TSR.

Fig. 14. ωm Sensitivity analysis.
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Fig. 15. Sensitivity analysis on inlet velocity showing speed response.
Fig. 16. Sensitivity analysis on inlet velocity showing CP (λ).
state convergence trend quickly drops to near 0 RPM and slowly
increases as seen in the 8 m/s to 12 m/s timeseries in Fig. 15. The
instantaneous efficiency CP was plotted against instantaneous tip
speed ratio for each wind speed timeseries to obtain Fig. 16. The
timeseries with the lower wind speed input had a higher TSR;
the timeseries from 3 m/s to 7 m/s were situated in the high-
performance region of the CP (λ) curve and therefore experienced
a larger torque as the velocity settled. Conversely, higher wind
speeds were detrimental to the efficiency and therefore speed
of the turbine at this initial speed. This tool has facilitated the
arrival to a conclusion that further emphasises the performance
dependence on TSR and can be used for design and prediction of
optimal operating points.

4.5. Results summary

It can be concluded that the simulation tool has successfully
simulated the performance of VAWTs and predict their output
to a high degree of accuracy with an error of less than 3%. The
tool is, also, capable to capture the existence of inter-component
dynamic phenomena such as the effect of the generator’s oscil-
lating angular velocity on the mechanical and electrical response
of the turbine shaft. Furthermore, it is important to note that
each simulation iteration had a running duration on the order of
seconds and minutes which brings the analysis close to real-time
simulations
8509
5. Conclusion

This paper has used various modelling methods throughout
literature to create a system model from physical fundamentals.
The aerodynamics performance of the rotor was described with
the DMST method and was successfully validated against the data
provided from literature. The PMSG component of the system
was modelled through a Bond Graph approach by considering the
energy balance and stored energy in a linear magnetic system. An
expression was created describing the torque and current dynam-
ics and was validated against the source data for a 1Φ variant. A
system model was created from these components in 20-sim and
MATLAB to allow the visualisation of the components, interfaces,
and the total system behaviour with a low computational cost.
This software tool was shown to be able to correctly estimate
the performance of the VX-6 VAWT from VAWT-X Energy given
operational data.

This modelling, simulation, and validation process has resulted
in the creation of a design and analysis tool that is applicable
to the design of helical VAWTs. The current iteration of the tool
can take geometrical, mechanical, and electrical parameters of a
VAWT and simulate the performance to show the effort, flow,
momentum, and displacement variables over time through 20-
sim and MATLAB/Simulink. The design tool can accompany an
engineer through the process of requirements definition, ini-
tial design, validation of results, and verification with traceable
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equirements to some fidelity as per the systems engineering V-
odel. An engineer may use the derived parameters from initial
esign for later high-fidelity optimisation, verification with re-
uirements, and validation of performance using Finite-Element
ethods or similar computational methods in a detailed design
nd validation stage.

.1. Limitations & future work

Some limitations exist that affect the accuracy of the mod-
lling and results. The current DMST MATLAB model integrates
long the entire blade assuming a constant torque along the blade
o decrease simulation time and averages those effects, resulting
n each stream tube having the same properties. Future work on
hanging the integration and averaging of the DMST model over
ach stream tube could increase the accuracy and validity of the
erodynamic model.
The modular nature allows for extension and replacement of

omponents which increases the applicability of the tool. Future
ork may go into the experimental or computational validation
f the system model with an ECB control component to utilise
his extensibility and integrate more components into the system
odel.
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