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Application of Halbach Magnet Array
in designing a Permanent Magnet
Synchronous Machine
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ABSTRACT

This paper discusses anovel permanent magnet machinedesign. In designing few simpl e aspects of design must be
considered such asweight, cost, the operating speed, variation in speed and torque. The basicidea of designing a
new model is to increase the performance of the system whilst keeping the efficiency of the machine as high as
possible. Knowing the significance of improving the currently avail able wind turbine model sin the market theidea
of Halbach array isimplemented using permanent magnets. Hence, a permanent magnet synchronous machineis
designed using software and the finite element method is applied on the design to analyze the behavior of the
machine. Based on the first Halbach model with aratio of 1:1 five more models are made and analyzed to choose
the most suitable design.
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1. INTRODUCTION

In the power generation industry, the electromechanical conversion of energy plays a vital role. Therefore,
improving the efficiency of the generators is extremely significant in order to fulfill the energy demands
around the world. Usually in a system where the energy is converted a high amount of energy is lost in
conversion in terms of mechanical transmission, power loss in the wires etc. Studies show that using a
permanent magnet design inside a generator or motor can improve the efficiency of the system. With more
research on thistype of technology agood design can be generated solving one of the main problems faced
by the power generation industry. Permanent magnets have been in the market for a very long time now but
recently due to advancement in power electronics controlling the operation of the motorsagood increase in
permanent magnets based designs is observed [1]. For wind turbine application the main things to consider
are high torque and efficiency on low speeds. Because the wind does not move the rotor at a high speed it
just movestherotor at low speed therefore the torque must be high [2]. Permanent Magnet Generatorswere
introduced in the wind turbines in the early 2000s. Ever since then the market for these types of generators
ison aboom. Inthe past 4 years starting from 2011 until now the use of permanent magnet generators has
increased radically.Statistics show the increase to be from 17% to about 40% which means the future is
bright for this type of technology. The main reason for the increase is that using PMGs increases the
efficiency along with flexibility and reliability [3].

Many big companies are carrying out intense research on PM Gs by studying the basics principlesin order
to make this technology as efficient as possible. To design a great generator or motor finite element method
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(FEM) study can be used to understand the effects of different parameters on the output. Using wind power to
generate electricity is redly good in terms of saving the environment because the wind energy is free and it
does not require you to burn the fossl-fuels. This directly effects the environment in a way that the green-
house gases are reduced and the pollution in the environment resulting in acid rains is dso reduced. Wind
turbines have two main configurations depending on the placement of the rotor these two configurations are
called Horizontal Axis Wind Turbines (HAWT) and Verticd Axis Wind Turbines (VAWT) [4]. The main idea
to generate dectricity behind these two modelsis the same the only differenceisthe way these two modelsare
congructed. A wind turbine converts the kinetic energy in the wind to mechanical power by usng huge
propellers that are connected to a shaft as the wind passes the propeller the blades are rotated resulting in the
rotation of the shaft to produce mechanical energy this energy can then be converted into eectrica energy by
using a generator [5]. At present there are two generally used configurations of wind turbines which are
horizontal-axis and vertical-axis turbines. But the most common one used is the horizontal-axis type this is
becausein this case therotating blades are in paralld to the wind stream. In horizontal axiswind turbines, the
rotating axis is pardld to the ground. On the other hand, in a vertical wind turbine the rotating axis is
perpendicular to the ground. Horizontal axis can produce alot more energy compared to the vertical axiswind
turbines mainly because of the size of the propellers. But both these designs have their application for small
scale application a horizonta axis turbine is recommended but for electricity generation in power plants the
best choice would be the horizontal axisturbine [6]. In atypical turbine design the blades are connected to an
axle which is connected to a gear box. This gearbox steps up the rotational speed of the shaft from the
propeller to the shaft that goes inside the generator because to produce electricity high rotationa speed is
required. The speed of the generator can vary causing fluctuationin the eectricity produced due to unpredictable
wind speed. Therefore, to overcome this problem a constant speed turbine should be used that can adjust to
the extreme conditions. A generator is a device that converts mechanica energy to electrical energy. The
generator does not create electricity it simply converts the mechanica energy acquired from an external
source into eectrica energy. Basically Inside an electrical generator either AC or DC the operation depends
upon the Faraday’s magnetic induction principle. Inside agenerator the coil isrotated by an externa force this
motion cuts the flux generated by the magnet and generates electricity. In this case we are using a permanent
magnet generator hence the rotor has permanent magnets attached to it which are self-excited and asthe rotor
rotates it cuts the magnetic field which results in production of current [7].Wind is created by uneven heating
by the sun on different parts of the earth. This difference in temperature generates a change in pressure in the
atmosphere causing the wind to flow. Looking at thisin a positive way awind turbine can be made to generate
power fromthis free energy source. The wind flowing across the blades of the wind turbine results in rotating
of the shaft which then converts this motion into eectricity. Even though wind energy is free it sill has
drawbacks. It is believed that making a wind power farm is very expensive and does not generate enough
electricity to recover the cost. Looking at thisasan opportunity theidea of designing anew generator for wind
turbine is selected [8]. Finite element method (FEM) is a numerical method to solve linear and non-linear
partial differentia equations of a given system. It starts of by constructing the design of your desired motor in
2D or 3D depending on your needs. Moving on the materia properties of the different parts inside the motor
can be configured along with the excitation pattern of the magnets and coils. Moving on mesh of the system
is generated that breaks the given structure into very small finite dements [9]. As the finite dement model is
made the simulation is run to obtain the results these results can be seen and interpreted to understand the
behavior of the constructed model. After thisthe results can be analyzed and compared to understand to make
surethat you get the most accurate results. If these results obtained are not what is expected the model can ill
be modified in many different ways to reach a point where the results are extremely accurate [10].

2. GENERAL ARCHITECTURE

Figure 1 showsthe front view of the finalized motor isshownit isa12 dot 10 pole machine with a Halbach
ratio of 1:2. Table 1 shows all the dimensions set during the designing of the machine in the software.
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Figure 1: Front view of the design

Table1l
Machinedesign parameters
Parameters Value
Machine
Outer diameter 50 mm
Stack length 50 mm
Shaft diameter 8.8mm
Shaft length 100 mm
Air-gap 0.5mm
Rotor
Number of poles 10
Outer diameter of therotor 32.4mm
Inner diameter of therotor 26.4mm
Arc length of the pole 20.024 mm
Stator
Number of dots 12
Inner diameter of the stator 36.4mm
Outer diameter of the stator 50 mm
Arc length of the stator 14.94 mm
Areaof thecail 38.52 mm?

Figure 2 above shows the exploded three dimensional view of the motor with all different parts labeled.
Figure 3 below shows the pattern of the magnets excitation where the up arrow shows the north pole of the
magnet whereas the down arrows shows the south pole of the magnet. The right and left arrows represent
the Halbach concept of making the flux to be double on the upper side of the magnet. Figure 4 shows the
picture of one pole with the dimensions of the north pole and the Halbach magnet to show the ratio. The
ratio is calculated using length of the north pole divided by the length of the Halbach magnet = 1.99 this
shows the ratio of approximately 1:2 being applied to the design.
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Figure 2: Exploded view of the design Figure 3: Magnet excitation pattern

o 117 ALY 11_ 13.472 mm

Figure 4: Pole size of north and the Halbach

3. PARAMETER EVALUATION
The power constant is given by Equation (1).

P12 ()

where T is the torque in newton meters and i represent the current in the coil in Amperes.
The generator constant is given asin Equation (2).

Ky == @)
The lossin the generator due to winding is given as in Equation (2).
P=1?R (3)

where P, is the power constant and P is the resistive power loss in watts, | is the current in the coil in
amperes whilst the R represents the resistance of the coil in ohms.

The generator constant square density for the designed generator isasin Equation (4). Thisisused asa
comparative analysis parameter asit helps to compare of any generators as the power density is compared
to the volume of the machine making it as a ratio of comparison.

_Pm_Kg/P 4
EEVAREEVER (4)
where P_is the generator constant and V represents the volume of the machine.

G
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4., RESULTSAND DISCUSSIONS
4.1. Magnetic Flux Characteristics

To visualize the flow of magnetic flux in the machine a three phase current source is placed in the circuit
with star connection of the coils and a current of 5 amperes is applied and the result is plotted. Figure 5
shows the plotted results to understand the pattern of the flux flowing in U, V and W phases.

4.2. Dynamic Characteristics

In order to determine the best phase angle of the machine a few different cases are made by keeping all the
parameters of the machine same and the machine is run on the speed of 300 rpm and the phase angle of the
supply is atered from Ol to 900 with an increment of 150 . Hence 7 different cases are generated these

cases are simulated and the results are recorded. To analyze the results, the graph in figure 6 below is
plotted. The angle with almost same negative and positive peak is chosen so inthiscase 60 givesthe most
impressive result therefore 600 angleis selected asthe base for further analysis.A torque analysisis carried
out on the machine here 3 different models are studied. The first model is a 1:1 Halbach model where the
north pole has the same size as the Halbach magnet. In the second model the Halbach idea is removed and
the conventional method is used so the non Halbach model is designed and the size of the north pole is
egual to the size of south pole of the magnet. The third model isthe one designed and claimed to be the best
one. All these designs are simulated and the results for the torque produced by al these models are plotted
asagraph infigure 7 below. Analysis of this graph show that the non Halbach model is giving alittle higher
torque but the torqueisnot stableit israndom higher at some point and lower at the other point meaning the
torgque is not stable. On the other hand, the torgue for the Halbach models with 1:1 and 1:2 seems to be
stable. But the 1:2 has a higher torque than the 1:1 model.
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Figure 5. Magnetic Flux Flow
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Figure 7: Torquefor the three models
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Table?2
Par ameter calculation for 5 modelswith different Halbach ratios
Parameter 11 1.2 1:3 1:4 1.5
P, (Power Constant) 0.0571036 0.0930896 0.0822786 0.0756144 0.0723822
Kg (Generator Constant) 0.0040086 0.0065352 0.0057762 0.0053084 0.0050815
G (Generator Constant Square Density) 16.163 26.341 23.282 21.396 20.482

Table 2 above shows the results of the calculations done on 5 different modelswith ratios 1:1, 1:2, 1:3,
1:4 and 1:5. The model with the ratio 1:2 clearly givesthe highest motor constant square density hence this
model is chosen as the base model.

5. CONCLUSION

To recapitulate, the paper contributed a new approach towards measuring relative cost-efficiency of different
wind power models. One earlier model of 1.5KW PM SG based 3-bladed VAWT was taken for evaluation
and it was compared with another model of 200W PM SG based hybrid VAWT. Both model was tested and
developed in Matlab Simulink. After comparison by applying Weight to Power Ratio, the newer and smaller
verson of VAWT was found to be cost-effective. Afterwards, a laboratory prototype of the developed
smaller version of VAWT was built to test the open circuit performance in order to confirm low voltage
performance. Having accomplished satisfactory performance, the model was sent for fabrication and upon
arrival tested for error calculation. Lastly, analysis was done and it was found out the prototype voltage
performance error was significantly high at higher wind speed. It was found out due to the limitation of
matching the high number of pole, the prototype was built with 8 poles only whereas the proposed system
consisted of 16. Due to the insufficient amount of pole number, the prototype was unable to produce
enough voltage compared to the manufactured model and thereby causing the estimated error to be high. In
short, method used in this paper could be useful to further research model and could give us arelative idea
in cost-efficiency.
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