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1.	Abstract
	A finite element method analysis of a DC Motor Stator, including flux density and flux leakage factor analysis of the given model. A model created in FEMM software to analyse maximum flux generated and max useable flux as a function of angle to deduce flux leakage factor, demonstrating the angle at which maximum useful flux is intersected.
2.	Introduction
	This paper shall complete a finite element method simulation of a flux characteristics of a given DC motor stator and carry out an analysis of the results. Using this simulation, the flux leakage factor shall be defined and show the consequent effectiveness of the design.
2.1	DC Motors 
	DC motors work due to the interaction of the magnetic fields of the Stator and the Rotor, the four main types of DC Motor are defined by the methods by which the fields are produced or their electrical connection[1]. Permanent magnet motors use, as the name suggests, permanent magnet to produce the stator field. Series DC Motors are separated from shunt DC motors by the electrical configuration of the of the stator field with respect to the armature. Compound DC motors combine series and shunt connections to gain the advantages of the torque performance of a series motor and the speed control advantages of a shunt wound motor[2][3][4]. Irrespective of the type of motor, a method of changing electrical polarity is required during rotation, in a simple brushed motor this is done by a commutator and in a brushless motor by a switching circuit in the motor controller[5].

2.2	Magnetics
	The magnetic fields of DC motors and their interactions are the source of the motor torque. The Factors affecting the strength of the magnetic field poles are the current, the number of turns in the coil and the coil length in a excited circuit or the type and strength of the permanent magnet. Magnetic field strength (H, in A/m) is a measure of the field a given distance from magnetic source[6]. Whilst the magnetic flux density (B, in Teslas) is proportional to the field strength, its magnitude is a factor of the permeability of the core used[7]. The units are linked by the equation B=μrH, where μr is the relative permeability of the core.
	Magnetic fields are only useful where they interact, therefore the distance between them and the angle at which they meet, will define the torque produced. The angle at which they meet is defined as the load angle[8], or torque angle. The amount of torque produced is the sine of the angle, therefore at 90⁰ the maximum torque shall be induced[9], this however is only relevant to the amount of flux “cut” by the armature, which in this exercise means that the maximum torque will be at the angle of maximum useable flux.
2.3	 Finite Element Method
	This exercise will use the finite element method (FEM) to calculate the flux characteristics of a given motor stator. FEM is a way of simplifying a very complex calculation, an approximation is created based on effects that can be calculated at discrete points and/or intervals[10][11]. These calculated effects can then be combined to give a close approximation of the whole system. The more numerous the approximations, then the more accurate the final calculation. However, the number of approximations attempted must be within the capabilities of the processing system to realise a valid answer in a reasonable time[12]. In this instance the FEMM (Finite Element Method Magnetics) software package[13] shall be used which is designed to solve low frequency electromagnetic problems using finite element method.
2.4 	Task specifics

	The stator dimensions to be tested are as given in the task description[14]. The stator is shown in Figure 1 and the specifications shown in Table 1.
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Figure 1 DC Motor Stator
	Dimension
	Size

	Depth of Circuit
	100mm

	Outside Stator Diameter
	110mm

	Inside Stator Diameter
	80mm

	Pole Face Radius
	22mm

	Pole Widths
	20mm

	Field Generating Coil Vertical Coordinates
	±15mm

	Field Generating Coil Horizontal Internal Coordinates
	±24.5mm

	Rotor Coil Width
	40mm

	Field Generating Coil Current
	±1A

	Field Generating Coils Number of Turns: 500
	500


Table 1 DC Motor Stator Specifications

3.	Method
	Using the given parameters, the solution shown in Figure 2 was plotted in the FEMM software.
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Figure 2 DC Motor Stator Model                      Figure 3 DC Motor Stator Model with Boundaries
	The Finite element method requires limits to be placed on the size of the model that will be simulated, boundaries, these boundaries will limit the free space calculations that will be completed beyond that stator dimensions. This boundary is shown in Figure 3.
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		Figure 4  FEMM Mesh				 Figure 5 FEMM Solution
	The FEMM mesh system defines the discrete points used in the approximation, this is shown in Figure 4. The solution calculated by the FEMM software can be seen in Figure 5. 
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Figure 6 Flux density on colour scale
	Further detail can be seen in Figure 6 which shows the flux density as a colour scale. This also allows the measurement of the maximum flux generated, in a similar manner the flux dissected by the armature at discrete angles may be measured. The positions of the armature at various angles is calculated using the following equations, all co-ordinates with respect to the armature centre (0,0),            .
	End 1
	
	End 2

	Θ
	X
	Y
	Θ
	X
	Y
	
	Θ
	X
	Y
	Θ
	X
	Y

	0
	-20.0
	0.0
	50
	-12.9
	15.3
	
	0
	20.0
	0.0
	50
	12.9
	-15.3

	5
	-19.9
	1.7
	55
	-11.5
	16.4
	
	5
	19.9
	-1.7
	55
	11.5
	-16.4

	10
	-19.7
	3.5
	60
	-10.0
	17.3
	
	10
	19.7
	-3.5
	60
	10.0
	-17.3

	15
	-19.3
	5.2
	65
	-8.5
	18.1
	
	15
	19.3
	-5.2
	65
	8.5
	-18.1

	20
	-18.8
	6.8
	70
	-6.8
	18.8
	
	20
	18.8
	-6.8
	70
	6.8
	-18.8

	25
	-18.1
	8.5
	75
	-5.2
	19.3
	
	25
	18.1
	-8.5
	75
	5.2
	-19.3

	30
	-17.3
	10.0
	80
	-3.5
	19.7
	
	30
	17.3
	-10.0
	80
	3.5
	-19.7

	35
	-16.4
	11.5
	85
	-1.7
	19.9
	
	35
	16.4
	-11.5
	85
	1.7
	-19.9

	40
	-15.3
	12.9
	90
	0.0
	20.0
	
	40
	15.3
	-12.9
	90
	0.0
	-20.0

	45
	-14.1
	14.1
	
	
	
	
	45
	14.1
	-14.1
	
	
	


Table 2 Armature co-ordinates relative to centre

[bookmark: _GoBack]4. Results
	The maximum flux generated can be found across the base of the poles, as seen in Figure 6. This was calculated by the FEMM software as 2.38636 x 10-4 Webers.
	Θ
	Useful Flux
	Θ
	Useful Flux

	0
	-1.12E-07
	50
	-8.52E-05

	5
	-1.03E-05
	55
	-8.50E-05

	10
	-2.17E-05
	60
	-8.42E-05

	15
	-3.34E-05
	65
	-8.36E-05

	20
	-4.59E-05
	70
	-8.30E-05

	25
	-6.12E-05
	75
	-8.24E-05

	30
	-7.35E-05
	80
	-8.21E-05

	35
	-8.08E-05
	85
	-8.17E-05

	40
	-8.37E-05
	90
	-8.17E-05

	45
	-8.44E-05
	
	


Table 3 Flux cutting by coil angle
	Using the coordinates available in Table 2 the flux at various angles was measured, the results shown in Table 3.  The flux leakage factor is a figure for the amount of generated flux lost to the air outside the radius of the armature[15].  The maximum useable flux is 8.52 x 10-5 Webers. At 50⁰
The flux leakage factor is calculated thus:
	Flux Leakage Factor =
	Max Flux – Max Useable Flux

	
	Max Flux



	Flux Leakage Factor =
	2.38636 x 10-4. – 8.52 x 10-5

	
	2.38636 x 10-4



Flux Leakage Factor = 0.643 (64.3%)

5.	Conclusions
	This exercise has demonstrated that the maximum flux generated in a stator coil is not all intersected by an armature, in this case almost two thirds of all the flux generated is ineffectual. Alterations to the design of the stator would be advisable to increase the effectiveness of the system.
	The angle of the armature with respect to the pole arms affects the magnitude of the flux intersected, it could be assumed that the maximum flux would be intersected at 90⁰, Table 3 shows this is not the case. When plotting the information in Table 3 maximum useable flux is found at an angle of approximately 50⁰, the reason for this can be seen in Figure 5, where lines of flux are shown taking a circuitous route between the poles, should this route plot outside the radius of the armature then the flux is not effectual.

Figure 7 Graph of useful flux by armature angle
Figure 7 shows the useable flux density across the fist 90⁰ of rotation, this can be extended through the full 360⁰ and can be seen in Figure 8.

Figure 8 Graph of Useful flux over 360 degrees
	Figure 8 shows that, as would be expected, the maximum useable flux is found at the same angle with each quadrant of rotation, therefore any improvement in the intersection of flux due to design changes and consequent reduction of flux leakage would improve the efficiency of the system in all four quadrants.
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