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This paper presents a vehicle-mounted vertical-axis wind turbine (VAWT)
designed to generate power in motion and at cut-off locations. Particularly, its
application to military vehicles is explored to provide uninterrupted electrical
power for radio communication equipment and lighting needs in remote areas.
The design uses a helical wind turbine for its compactness, lightweight, and
suitability for vehicle mounting without heavy support structures. These
turbines have low starting wind speeds, minimal vibration, portability,
affordability, and low maintenance requirements. Utilizing fiberglass blades,
the turbine unit measures 103 mm in height and 27.5 mm in diameter,
achieving optimal rpm and torque for given wind speeds. Operating within the
wind speed range of 10 km/h to 40 km/h, the VAWT produces an output
voltage ranging from 5V to 55 V, with a maximum wind turbine power output
of 1120 watts at a wind speed of 12 m/s. The final generator output power
obtained with the above wind turbine output of 1120 watts is 352 watts. A
prototype unit has been tested and mounted on an all-terrain vehicle for
evaluation. The paper provides detailed design steps, calculations, and
insights for optimizing performance and facilitating large-scale
implementation in the future.
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1. INTRODUCTION

The depletion of conventional energy sources and the ever-increasing demand for energy due to
industrialization have spurred significant research on renewable energy sources, harnessing primary and
environmentally friendly natural sources such as solar power and wind energy. Among these, wind energy
stands out as one of the fastest-growing sources for electricity generation. Wind turbines play a crucial role in
this process, converting the mechanical energy inherent in wind into electrical energy.

The fundamental concept of wind energy generation involves utilizing the kinetic energy of wind to
propel a wind turbine, thereby transforming the wind's kinetic energy into rotational kinetic energy. This
rotational energy is then converted into electrical energy through the use of generators, with the output power
supplied to electrical equipment. Axial flux generators, operating as permanent magnet alternators, are integral
components in this setup. These generators feature an air gap surface perpendicular to the rotating axis,
generating magnetic fluxes parallel to the axis. Axial flux permanent magnet (AFPM) machines with coreless
topology offer distinct advantages over conventional permanent magnet machines, delivering high power,
torque-to-weight ratios, and geometrically higher aspect ratios [1]-[11]. In scenarios such as cut-off locations,
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where a constant power source is essential for operating communication equipment, reliance solely on storage
batteries becomes inadequate. The demand calls for energy generation setups that are portable, lightweight,
and independent of fuel requirements for long-distance and high-altitude operations. Renewable energy sources
such as solar, portable hydropower, and wind power generators emerge as suitable solutions for such
environments.

This paper presents a wind turbine model that is implemented on a moving vehicle and not in a fixed
location, which is unique in its design. The paper uses a fiberglass material for the blade design to reduce the
weight of the system. The efficiency of the wind turbine is improved by optimizing the angle of attack, swept
area with an angle of (135-180) degrees, with a minimum of two blades, while other designs use 4 blades. The
drag force reduction, along with soft braking, which is unique for small-scale wind turbine units, is practically
implemented in the prototype model, while other work presents only simulation results [12]. The wind turbine
uses no ball bearings but magnetic levitation to reduce the frictional loss, self-starting torque, and wear and
tear of the wind turbine. The design presented is a functional model of a vertical-axis wind turbine specifically
tailored for mounting on vehicle rooftops. The envisioned turbine is characterized by its lightweight
construction, compact size, ease of installation, and low-cost scalability for large-scale production. The paper
initially presents the design methodology in steps, optimization of various design parameters, analysis of
performance with the prototype model, and its implementation in the field of operation.

2. DESIGN AND DEVELOPMENT

The prototype developed employs an AFPM design with an ironless rotor, offering a high power-to-
torque ratio, torque-to-weight ratio, mechanical strength, and power density without increasing the generator's
size. Such attributes render it suitable for deployment in various moving vehicles, including ships, for wind
power generation. Operationally, wind turbines function as the wind moves, with the dynamic energy of the
wind causing the turbine blades to rotate the rotor shaft, thereby generating electricity. In the case of vertical-
axis wind turbines, the generator is connected to a gearbox to increase the speed.

Magnetic levitation is a method in which an object is connected without any mechanical support other
than magnetic force. The magnetic force from the permanent magnet is used to balance the gravitation force
and to lift the object as shown in Figure 1. This idea is applied in a wind turbine to reduce friction losses during
electricity generation. In a vertical-axis wind turbine (VAWT), the blades are connected to the rotor using
permanent magnets (PM), which generate a magnetic force to lift the sharp blades. This reduces the wear and
tear between the blade and the ball bearing as well as minimizes the energy loss. Using the principle of magnetic
levitation, the frictional loss in a vertical-axis, vehicle-mounted wind turbine is reduced. This design is capable
of operating at both low and high wind speeds (2.7 m/s to 12 m/s), increases efficiency by 20% [13] compared
to conventional methods, and reduces failure rates by up to 80—90% in prototype testing. Vertical-axis wind
turbines (VAWTS) are classified based on their primary driving force: lift or drag [14]. Based on lift, VAWTS
are with various shapes like straight, helical, and curved. compared to straight-blade VAWT, the helical blade
shown in Figure 2 gives better performance with lesser noise emission [15]. The horizontal axis wind turbine
(HAWT) is used in marine turbines and vehicles for low power fluctuation. The blades are made with
NACAO0018 airfoils for small to medium-scale vertical-axis wind turbines. In HAWT, rotors and generators
are arranged vertically on a shaft for mechanical support and stability. The helical turbine design does not
require a strong supporting tower; therefore, it is easy to transport and assemble in a cut-off post. The HAWT
has a low starting wind speed and low vibration.

The axial-flux permanent magnet (AFPM) generator has a high torque density, high efficiency, and
compact structure. This generator gives high power density with less space and weight. In a cut-off post, space
and weight are critical parameters; therefore, the axial flux permanent magnet (AFPM) generator is suitable
for high power-density applications. In the axial flux type generator model with a double-sided rotor, core
coreless armature, and non-overlapping concentrated coils are used. In an AFPM, the rotor is made of
neodymium-iron-boron permanent magnets, and the stator is a coreless armature, similar to those in other
generators. It works under Faraday’s law of electromagnetic induction.

In AFPM [16]-[24], the magnetic fields are parallel to the axis of rotation, and the rotor and starter
are with co-axial discs and work mostly in wind turbines with moderate torque capacity. In this prototype,
magnetic soft braking is implemented. In this method, two copper plates are placed to hold the magnets. The
magnets are permanent magnets, and the braking reference angular velocity is 13 m/s. Figure 3 shows the
double-sided rotor AFPM generator, and its flux distribution is shown in Figure 4.

The prototype incorporates the soft braking system with magnetic braking to control the angular
velocity of the wind turbine, unlike conventional methods. A current sensing circuit is connected to detect the
current above the reference speed limit, and it is limited to 12 m/s. The developed VAWT prototype with
helical blades is cost-effective and produces 1120 watts at 12 m/s wind speed, and it is lightweight, compact,
and easy to transport and mount on the vehicle rooftop. This paper presents the design and development of the
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prototype model in sequential steps for building a successful scaled-up model for easy mass production of the
units and also for further optimization of its performance as a future scope. The design methodology is
shown in Figure 5, which is adopted for the prototype VAWT design, and the developed VAWT working is
shown in Figure 6.
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Figure 4. Flux distribution in AFPM generator
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Figure 5. Design methodology of VAWT
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Figure 6. Prototype block diagram

2.1. Wind turbine

The design parameters for a vertical axis wind turbine are a) tip speed ratio, b) number of blades,
¢) blade chord, d) swept area, €) maximum power, f) power coefficient, g) solidity, and h) initial angle of attack.
a) Tip speed ratio [TSR]

The power coefficient depends on the tip speed ratio. It is defined as the ratio between the tangential
speed at the blade tip and the actual wind speed [11].

Rw
TSR =~ (1)

Where o = angular velocity in rad/s, R = rotor radius in meters, and Vo= atmospheric wind speed in m/s. The
prototype model is designed to have a TSR value between 2.3 to 3.5 for an angle of 135° to 180°.
b) Number of blades [N]

The number of blades decides the smoothness of rotor operation and solidity. More blades may
increase the interference between blades and affect the lift and drag forces. Therefore, it gives too optimistic
results. A smaller number of blades will provide better self-starting characteristics. The prototype turbine has
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two similar helical blades with 180° torsion, and both blades are placed in such a way that to have 360° of
sweep area. The blades are made up of carbon fiber composite and assembled on a 1.03 m steel shaft.
¢) Blade chord [c]

The chord is the blade length between the leading edge and the trailing edge of the blade. The blade
curvature and thickness are defined as a percentage of the chord. The prototype is designed to have a chord
length of 830 mm. Figure 7 shows the CAD diagram of the blade designed for the prototype VAWT.

55

Fiber.glass
83.5 blades

103

Generator

Figure 7. 2D sketching of the blade

d) Swept area [A]

The swept area is defined as the portion of air that encloses the turbine and causes the rotor to rotate
on its axis. In a helical vertical axis wind turbine, the swept area has a cylindrical shape, and it can be calculated
as (2), where D is the diameter of the rotor = 0.55 m and h is the height of the rotor = 1.03 m.

A= (D x h)inm? 2

e) Maximum power [Pmax]
The maximum power from the vertical axis wind turbine is (3), where p (air density) = 1.23 kg/m?,

A =swept area in m2, and Vi = inlet wind velocity in m/s.
Pmax = % p.A.Vi?in watts (3)

f) Power coefficient [Cp]

It is defined as the ratio of captured mechanical power by the blades and available power in the wind.
For HAWT, the limit is 16/27. The power coefficient is denoted as Cp.
g) Solidity [o]

This solidity is defined as the ratio between the total blade area and the projected area. It is a non-
dimensional parameter as shown in (4), where c is the chord length, N is the number of blades, and R is the
radius of the rotor. In HAWT, the solidity ¢ > = 0.4, and in the designed prototype it is 0.961.

= N.c (4)

22mR

h) Initial angle of attack [a]

Int J Pow Elec & Dri Syst, Vol. 16, No. 2, June 2025: 1124-1136



Int J Pow Elec & Dri Syst ISSN: 2088-8694 O 1129

The initial angle of attack is the angle at which the relative wind meets the blade. The positive angle
of attack increases the angular speed range, but the negative angle of attack reduces the angular speed range.
In the prototype unit, the angle of attack is set at 0°.

2.2. Magnetic levitation

In the prototype, the magnets are selected based on the strength of the magnetic force that is required
to counteract the weight of the wind turbine rotor. The magnetic strength depends on the selection of magnetic
material. The permanent magnet selected for the design is an NdFeB magnet with an outer diameter of 10 mm
and an inner diameter of 5 mm. These are ring-shaped magnets with nickel plated.

Total force F =0
mg-Fm=0
Fm=mg

Where, Fm is a strength of magnetic force, m is total mass of the wind rotor to be levitated, and g is the
gravitational force. In this prototype model weight is 3 kg and the force is 29.43 Newtons. The design uses two
Neodymium magnets between the stator and rotor with a 5 mm air gap.

2.3. Generator

The prototype unit is designed with an axial flux permanent magnet synchronous generator
(AFPMSG) with a double-sided rotor. The generator is constructed using an ironless rotor with a magnetic pull
between the magnets. There are 4 poles, and each rotor has two of them. The stator of AFPM is a slotless core
wound with 800 turns. There are 10 units, each unit consists of 80 turns. The units are placed in such a way
that the adjacent unit has opposite polarity, and the magnetic field is 5 mWhb. The generator has a maximum
speed of 500 rpm, producing a pulsating DC output that is subsequently converted to pure DC using a converter
circuit. Figure 8 shows the coil and magnet arrangement of AFPM.

2.4. Maximum power point tracking [MPPT]

The maximum power point tracking is a technique to increase the conversion efficiency of wind
turbines. The instantaneous change in the wind is important to find the optimum generator speed that produces
maximum wind energy. MPPT controllers help in adjusting the voltage and current according to the wind speed
to produce a maximum amount of power from the wind turbine for higher efficiency. More power generation
and lower cost over time. The prototype unit uses a converter with an MPPT of 55 V and 500 W, single phase,
and with reverse current protection. The voltage and power rating of the converter is selected as per the wind
turbine generator output specifications.

2.5. Rectifier

The desired output voltage is obtained using the PWM model, and the output of the PWM is adjusted
with the applied gate signal. The controller is designed for low-side N-channel MOSFET switching regulators.
The controller turns ON with 2.97 V, and the maximum voltage is up to 40 V. The maximum switching
frequency is 100 Hz, and the inductance and capacitance values were calculated for the switching frequency.
Figure 9 shows the rectifier with a low-pass filter used in the prototype design.

2.6. Soft braking design

Using the magnet and current detection circuit, the braking system develops smooth and controlled
braking at high speeds in a wind turbine. The circuit gives real-time monitoring with the help of a
microcontroller. The current detection circuit is connected between the generators and the magnetic brake
circuit. The current transformer is connected in the braking system to avoid the interference between each
component [25]-[34].

The moment of inertia using braking torque in a controlled magnetic braking system is given by (5),
where J = moment of inertia of the blade in kgm?, Pw = wind power in watts, Tr = friction torque in Nm,
Tm = permanent magnetic brake torque in Nm, D¢ = decision function with respect to time and speed,
Dt is proportional to (a0 (owa — @r). Where, a = 10° in this prototype design, ®a = actual wind speed m/s, and o
= reference wind speed m/s.

J=Pw—Tr—Tm. Dt (5)

The decision function will activate when the actual wind speed exceeds the reference speed. The
braking torque can be written as (6), where Qm = magnetic field by the permanent magnet, Qs = magnetic field
by the copper plate, and d = distance between the copper plate and magnet.
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_ _(Qm.Qs)
Tm= (4mtpd2) (6)

The prototype block diagram shown in Figure 10 shows the microcontroller with a current sensing
circuit connected to sense at 13 m/s and activate the system. The copper plate and magnet are connected to a
servo motor. The servo motor gives input from the current sensing circuit and activates the braking system
at 13 m/s as shown in Figure 11. This system is applicable up to 1.2 kW power in a small-scale vertical-axis
wind turbine with DC output. In this prototype, the permanent magnet is designed to have a magnetic field
strength of 6 mWh [35], [36]. The magnetic field in the copper plate depends on the current limit, and the plate
gets magnetized above 20 A. The brake system gets activated.
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Figure 8. Shows coil and magnet arrangement of AFPM [17]

AW
SCR1 SCR3 R1
A =
t ©2 |
SCR2 ZX SCR4
Figure 9. Shows the rectifier with low-pass filter
Load

Wind Turbine Generator Micro controller

Yy

Copper Plate
with Magnet Servo motor

Current
Sensitivity Circuit

Figure 10. Block diagram of the prototype
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Figure 11. Current sensing circuit for soft braking

2.7. Prototype model

The initial prototype unit was integrated in the laboratory, which includes wind blades, a generator, a
DC to DC converter, and LCD display units for measuring the converter voltage and current. The testing was
carried out with a high-speed blower to simulate wind inside the laboratory and rotate the blades for measuring
the wind turbine's voltage output. Figure 12 shows the wind turbine integrated at the laboratory for testing and
measurement. Figure 13 shows the constructed prototype model and its integration to the vehicle for field trial,
along with MPPT and the vehicle battery connected.

Figure 12. Wind turbine integrated Figure 13. Vehicle-mounted VAWT

3. CALCULATION AND RESULTS
3.1. Liftand drag force

There are two methods of extracting power from wind, and they depend on the aerodynamic force
used. The drag type extracts less power from the wind but with high torque. Mostly used in VAWT with a
helical blade due to its low starting speed. The other type is lift type, which requires an additional system for
the initial rotation, mostly used in VAWT with a Darrieus turbine. In this prototype, the main aim is to reduce
the starting speed, and the helical wind turbine is selected. The experimental improvement shows that with the
angle of attack of 10° - 15°, the drag force is negligible. Both forces can be written as (7),

Liftforceszixchp><W2><C><dr ©)

3.2. Power

The kinetic energy of the wind as shown in (8), where m = mass flow rate of blades in helical wind
turbine, m = pAVw, where, A = area of cylindrical helical wind turbine, A =2nRh, where R = radius of rotor,
H = height of rotor, Vw = wind velocity.
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E= % mVw? ®)

m = 2npRhVw ©)
Substituting (9) into (8), the expression for average power becomes (10).

pP= ? (10)
But with the assumption of having constant wind velocity, time t can be neglected hence.

P= % (2npRhVw?) (11)

Vw is the exit wind velocity. In a wind turbine, the inlet and exit wind velocities are not the same.
They are related by the equation Vw = §Vi, where Vi is the inlet wind velocity. Now:

Pmax =~ [2mpRh (2 Vi )*] =~ [(C2) pRhVi 9] (12)

This power is known as the maximum power extractable from a wind turbine.

3.3. Power coefficient or Betz constant
To calculate the power coefficient, the ratio of the inlet and outlet wind velocity power has to be
calculated.

. 16, 5 &)
Pmax/Pin :2—( —oa)
73 G@)
= 2°x100
27
=59%
where Pin = i (pAVi®) watt
Pmax = ; [i (pAVi®)] watt

The above ratio of 59% is known as the maximum power coefficient and also known as the Betz
constant. This constant gives the interpretation that it is a ratio of power extracted by the turbine over the total
power that would exist at the same place before placing the wind turbine. The above torque is due to the
circumferential force acting on the blade, and the torque is generated on the turbine.

3.4. Generator power output
The generator output is given by (13), and the Pdc depends on the generator efficiency and turbine
efficiency, along with other design parameters given in Table 1.

Pdc = - (2mpRhVi*nenr) (13)
Where Pdc = Generator power output, ne = Generator efficiency, and nr = Turbine efficiency. The generator

power output is calculated for a wind speed ranging from 2.7 m/s to 12 m/s, with the following design
parameters given in Table 1.

Table 1. Design parameters for power estimation

Parameters Value Parameters Value
R 0.275m P 1.23 kg/m?®
H 1.03m Ne 0.9
Vi 27m/stol12m/ls nr 0.35

3.5. Maximum power output in a wind turbine

In this prototype, with Vi = (2.7 m/s to 12 m/s), R = 0.275 m, h = 1.03 m, and p = 1.23 kg/m?, the
Pmax = 862.85 watt at 11 m/s, torque at 11 m/s is given by Tmax = Pmax / ® and o= 27R/60 rad/s. Using the
given expression, the estimated speed for 11 m/s = 382 rpm, © = 40 rad/s and Tmax = 21.57 Nm. In Figure 14,
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the power output of the generator is estimated for a range of wind speeds from 4 m/s to 12 m/s. The performance
of the generator is demonstrated by the relationship between the wind speed and the maximum power of the
wind turbine. A maximum power output of 862.85 watts at 11 m/s was achieved with the prototype model.

3.6. Generator output voltage
The output voltage for the design is shown in (14), where P = number of poles, ¢ = flux per pole, N
= speed in rpm, and Z = number of conductors.

PQNZ
60

Voltage E = (14)

_ (2x5x10 =3 x 417 x 800)
60

E =55V

Both Figures 15 and 16 depict the voltage that was measured on the multimeter. Figure 16 also depicts
the measured voltage in comparison with the theoretical value. The observed voltage is lower than the estimated
value due to flux leakage, fluctuation in angular velocity, and drop in the conductor. The design parameters
that were utilized for the purpose of theoretical estimation are presented in Table 2.

Table 2. Design parameters for voltage estimation

Parameters Value Parameters Value
P 2 () 5 mWb
4 800 N 94 to 417 rpm

Angular Velocity Vs Power
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Figure 14. Power out of generator and maximum power out of turbine with angular velocity m/s
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Figure 15. Measured voltage of VAWT Figure 16. VVoltage with angular velocity
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4. CONCLUSION AND FUTURE SCOPE

This work has demonstrated the suitability of vehicle-mounted wind turbines for addressing power
requirements in field and high-altitude applications, particularly in scenarios necessitating uninterrupted power
supply, such as cut-off posts. Through the design and performance evaluation of the vertical axis wind turbine
(VAWT) prototype, it was confirmed that the system meets the demanding operational needs of military
vehicles. The compact, portable, and lightweight nature of the prototype facilitates easy mounting on vehicles,
offering a practical solution for on-the-go power generation. Utilization of helical wind blades enables
operation at lower wind speeds, while magnetic levitation reduces frictional losses, contributing to enhanced
efficiency. The fiberglass material had reduced the weight of the blade, and with the optimization of the attack
angle to get the maximum efficiency of 59% as per the Betz constant. Notably, for a wind speed range
of 10 km/h to 40 km/h, the VAWT produces an output voltage ranging from 5 V to 55 V, with a maximum
wind turbine power output of 1120 Watts at a wind speed of 12 m/s. The final generator output power obtained
with the above wind turbine output of 1120 Watts is 352 Watts. The prototype achieved a maximum power
output of 352 watts at 55 V, providing ample support for the DC load requirements of military vehicles
stationed at cut-off posts. This underscores the efficacy of the vehicle-mounted wind turbine in fulfilling critical
power needs in remote and challenging environments, showcasing its potential for practical deployment in
real-world scenarios. Further optimization and refinement of the design hold promise for even greater
efficiency and effectiveness in future iterations of the technology. Future work could focus on a transient
analysis study that can be done to improve the reverse current protection circuit for better reliability and
performance at cut-off post locations. The size can be reduced, making it suitable for different-sized vehicles
with the same performance.
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