


1. Introduction
This report will demonstrate the use of finite element simulation and analysis of a given DC Motor circuit using FEMM (Finite Element Method Magnetics) software package. 
The given DC motor schematic that was given is shown below:
[image: ] To perform FEA (Finite element analysis) we must first understand the basic principles/fundamentals of magnetism and DC motors. After understanding fundamentals of both magnetism and DC motors we can complete the given specific tasks.
· Provide an estimate of the total magnetic flux being created in the stator circuit.
· Determine the flux leakage factor for the design.
· Provide an estimate of flux cutting the rotor coil as a function of the coil angle.



2. Magnetism
Starting with the basics of magnetism, we shall talk about the properties of a regular magnet.

[image: Image result for magnet][image: Image result for magnet]





Looking at a magnet is has a north and a south pole which creates an invisible field known as a magnetic field, the lines shown are referred to a lines of flux also known as magnetic flux. This magnetic field attracts or repels materials with magnetic properties. Magnets attract like poles and repel unlike poles. 
The magnetic field is most concentrated at either pole as shown by the amount of flux lines are present, measuring the amount of flux of any given area is called flux density therefor saying that at both poles the magnetic flux density is high and is expressed as ‘B’.
Looking at these materials and why they have magnetic properties we have to take a look at them at a molecular level.[1][2]
[image: ]







An atom contains a nucleus (which contains protons and neutrons) surrounded by orbiting spinning electrons that carry a negative charge and when moving through space that produce a magnetic field. When electrons are paired together their opposite spins cancel each other out therefore resulting in no magnetic field.[3]
When materials has a lot of ‘free electrons’ (unpaired electrons) they can move more freely therefor producing a stronger field, the strength of this field mentioned is known as a magnetic moment. Ferrous materials that have many unpaired electrons and as a result having magnetic properties.[4]
2.1. Magnetic Classifications
· [bookmark: diamagnetism][bookmark: paramagnetism]Diamagnetic
Diamagnetic materials have weak magnetic properties because they have a negative susceptibility to external magnetic fields (repelling them). Materials such copper, silver, and gold, are diamagnetic.
· [bookmark: ferromagnetism]Paramagnetic
Paramagnetic materials have weak magnetic properties because they have a small positive susceptibility to external magnetic fields (attracting them). Materials such magnesium, molybdenum, lithium and tantalum are paramagnetic materials.
· Ferromagnetic
‘They get their strong magnetic properties due to the presence of magnetic domains. In these domains, large numbers of atom's moments (1012 to 1015) are aligned parallel so that the magnetic force within the domain is strong. When a ferromagnetic material is in the unmagnitized state, the domains are nearly randomly organized and the net magnetic field for the part as a whole is zero. When a magnetizing force is applied, the domains become aligned to produce a strong magnetic field within the part. Iron, nickel, and cobalt are examples of ferromagnetic materials.’ [5]

[image: ]
[image: ][image: ]When describing the properties ferromagnetic materials the word “magnetic domains” was mentioned. Magnetic domains improve the materials overall magnetic properties, the atomic makeup of ferromagnetic materials include many domains which consist of groups of atoms that band together at a molecular level. Each domain have a north and South Pole. With no external field is applied the domains are alligned in a random order and do not complement eachother. However when an external field is introduced the domains line up and produce a strong magnetic field where either magnet or any ferromangetic material will attract the magnetized material.[3]
2.2. Electromagnetism
[image: ][image: ]Electromagnetism occurs when sending a current through a wire as shown.

 Current going through a wire produces a magnetic field similar to one of the magnet. There are methods use to increase the magnetic field strength and they are:
· Winding the wire into a coil.
· Wrapping the coil winding around a ferromagnetic material such as iron.
· Adding more turns to the coil.
· Increasing the current flowing through the coil.
Using these methods the magnitude of the magnetic field are expressed as:
[6][image: ]
Where:
I is the current through the coil and L (=2*PI*r) is the path length of the magnetic flux, Φ, which in the case of a ferromagnetic core, is its average circumference. If I is in amps and L is in meters, then H is in A/m and N is the number of turns of the wound coil.[7]
The magnetic flux is defined as:
[image: ]



Where B is the flux density in tesla (T), A is the cross sectional area of the ferromagnetic core in m^2 and Φ is in weber (Wb). When a magnetic field is applied to a ferromagnetic material its magnetisation, M.[7]

Heres an overview of units and properties used when measuring quantities in magnetics.
[image: ]
[5]





3. DC Motors
DC motors can be either a generator or a dynamo. A generator converts mechanical energy into electrical and a dynamo is the opposite. The construction of a simple DC motor is as show:
[image: https://qph.ec.quoracdn.net/main-qimg-e6f8f63aabca9173df7bc197ade9f747-c]
[8]
A DC motor consists of:
· Magnetic field (Generated by north and south pole)
· Armature
· Commutator Segment (Two segments above)
· Brushes
· Battery
A magnetic field is generated between the north (B) and south poles whilst the DC battery is providing current to the armature via the brushes and the commutator. The poles and the brushes will remain in a fixed position whilst the armature and the commutators rotate clockwise, this happens when electric current passes through a coil in a magnetic field, the magnetic force produces a torque which turns the DC motor, this torque is produced as Lenz’s law states.[9]
Lenz’s Law:
“When an emf is generated by a change in magnetic flux according to Faraday's Law, the polarity of the induced emf is such that it produces a current whose magnetic field opposes the change which produces it.”[10][11]
Faraday’s Law:
“Any change in the magnetic environment of a coil of wire will cause a voltage (emf) to be "induced" in the coil. No matter how the change is produced, the voltage will be generated. The change could be produced by changing the magnetic field strength, moving a magnet toward or away from the coil, moving the coil into or out of the magnetic field, rotating the coil relative to the magnet, etc.”[10]
[image: ]







[10]
[image: Image result for fleming's left hand rule]The rotation of the armature can be determined by a technique called Flemings left hand rule. 
· F is the magnetic force produced.
· B is the flow on the magnetic field
· I is the current direction in the armature
[12]






4. FEM/FEA (Finite Element Method/Analysis)
Finite Element Analysis is a way of taking a complicated problem and breaking it down into small steps. FEMM software package allows us to simulate complicated magnetic problems such as given in the specific task section. To tackle these tasks a DC motor stator dimensions and parameters have been given.[13]
“The Stator Dimensions and Parameters are as follows:
NB: When adding labels ensure that a mesh size of 1 is used.
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 (indicates in and out of page)
Field Generating Coils Number of Turns: 500 “
[image: ]Drawing the problem in a 2D allows us to simply the problem as FEMM software package will infer the 3D geometry. This software also allows us to select areas of enclosed shapes and assign them physical material properties such as permeability.






[image: ]Mesh Analysis allows the software to break this complicated problem into small nodes and apply physics and mathematical equations explained in the DC motors and the magnetism sections. The more nodes that are created when simulating the more accurate result.
[image: ]
5. Specific Tasks
A table has been made to aid the completion of tasks 1-3 shown in the appendix. Using this information a graph has been created:





The graph shows that the total estimated flux (when its at its max) is around 47 degrees, at this points the rotor coil is cutting the most lines of flux. The normal flux at this point is 8.45e-5 Webers.
To obtain the flux leakage factor the equation is used (Total Flux-Useful flux)/Total flux * 100.
The useful flux is located around the north and south poles of the motor.
[image: ]
(8.45e-5 – 2.36e-5)/ 8.45e-5 * 100 = Flux leakage factor.
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6. Appendix









	Angle
	y
	x
	Normal Flux

	0
	0
	20
	3.86E-09

	5
	1.743115
	19.92389
	1.06E-05

	10
	3.472964
	19.69616
	2.16E-05

	15
	5.176381
	19.31852
	3.34E-05

	20
	6.840403
	18.79385
	4.66E-05

	25
	8.452365
	18.12616
	6.12E-05

	30
	10
	17.32051
	7.39E-05

	35
	11.47153
	16.38304
	8.09E-05

	40
	12.85575
	15.32089
	8.39E-05

	45
	14.14214
	14.14214
	8.52E-05

	50
	15.32089
	12.85575
	8.54E-05

	55
	16.38304
	11.47153
	8.50E-05

	60
	17.32051
	10
	8.44E-05

	65
	18.12616
	8.452365
	8.37E-05

	70
	18.79385
	6.840403
	8.30E-05

	75
	19.31852
	5.176381
	8.25E-05

	80
	19.69616
	3.472964
	8.20E-05

	85
	19.92389
	1.743115
	8.18E-05

	90
	20
	1.23E-15
	8.17E-05

	95
	19.92389
	-1.74311
	8.18E-05

	100
	19.69616
	-3.47296
	8.20E-05

	105
	19.31852
	-5.17638
	8.25E-05

	110
	18.79385
	-6.8404
	8.30E-05

	115
	18.12616
	-8.45237
	8.37E-05

	120
	17.32051
	-10
	8.44E-05

	125
	16.38304
	-11.4715
	8.50E-05

	130
	15.32089
	-12.8558
	8.54E-05

	135
	14.14214
	-14.1421
	8.52E-05

	140
	12.85575
	-15.3209
	8.39E-05

	145
	11.47153
	-16.383
	8.09E-05

	150
	10
	-17.3205
	7.39E-05

	155
	8.452365
	-18.1262
	6.12E-05

	160
	6.840403
	-18.7939
	4.66E-05

	165
	5.176381
	-19.3185
	3.34E-05

	170
	3.472964
	-19.6962
	2.16E-05

	175
	1.743115
	-19.9239
	1.06E-05

	180
	2.45E-15
	-20
	3.86E-09

	185
	-1.74311
	-19.9239
	-1.06E-05

	190
	-3.47296
	-19.6962
	-2.16E-05

	195
	-5.17638
	-19.3185
	-3.34E-05

	200
	-6.8404
	-18.7939
	-4.66E-05

	205
	-8.45237
	-18.1262
	-6.12E-05

	210
	-10
	-17.3205
	-7.39E-05

	215
	-11.4715
	-16.383
	-8.09E-05

	220
	-12.8558
	-15.3209
	-8.39E-05

	225
	-14.1421
	-14.1421
	-8.52E-05

	230
	-15.3209
	-12.8558
	-8.54E-05

	235
	-16.383
	-11.4715
	-8.50E-05

	240
	-17.3205
	-10
	-8.44E-05

	245
	-18.1262
	-8.45237
	-8.37E-05

	250
	-18.7939
	-6.8404
	-8.30E-05

	255
	-19.3185
	-5.17638
	-8.25E-05

	260
	-19.6962
	-3.47296
	-8.20E-05

	265
	-19.9239
	-1.74311
	-8.18E-05

	270
	-20
	-3.7E-15
	-8.17E-05

	275
	-19.9239
	1.743115
	-8.18E-05

	280
	-19.6962
	3.472964
	-8.20E-05

	285
	-19.3185
	5.176381
	-8.25E-05

	290
	-18.7939
	6.840403
	-8.30E-05

	295
	-18.1262
	8.452365
	-8.37E-05

	300
	-17.3205
	10
	-8.44E-05

	305
	-16.383
	11.47153
	-8.50E-05

	310
	-15.3209
	12.85575
	-8.54E-05

	315
	-14.1421
	14.14214
	-8.52E-05

	320
	-12.8558
	15.32089
	-8.39E-05

	325
	-11.4715
	16.38304
	-8.09E-05

	330
	-10
	17.32051
	-7.39E-05

	335
	-8.45237
	18.12616
	-6.12E-05

	340
	-6.8404
	18.79385
	-4.66E-05

	345
	-5.17638
	19.31852
	-3.34E-05

	350
	-3.47296
	19.69616
	-2.16E-05

	355
	-1.74311
	19.92389
	-1.06E-05

	360
	-4.9E-15
	20
	3.86E-09




Estimation of flux cutting the Rotor coil v Angluar Position 

Normal Flux	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	185	190	195	200	205	210	215	220	225	230	235	240	245	250	255	260	265	270	275	280	285	290	295	300	305	310	315	320	325	330	335	340	345	350	355	360	3.8560899999999997E-9	1.0628000000000001E-5	2.1582799999999999E-5	3.34068E-5	4.6594300000000002E-5	6.1212300000000003E-5	7.3867699999999998E-5	8.0905899999999994E-5	8.3893000000000005E-5	8.5150900000000005E-5	8.5379100000000004E-5	8.4992200000000003E-5	8.4416800000000001E-5	8.3700400000000002E-5	8.3043199999999998E-5	8.2453099999999998E-5	8.2041199999999996E-5	8.1773999999999993E-5	8.1707900000000004E-5	8.1773999999999993E-5	8.2041199999999996E-5	8.2453099999999998E-5	8.3043199999999998E-5	8.3700400000000002E-5	8.4416800000000001E-5	8.4992200000000003E-5	8.5379100000000004E-5	8.5150900000000005E-5	8.3893000000000005E-5	8.0905899999999994E-5	7.3867699999999998E-5	6.1212300000000003E-5	4.6594300000000002E-5	3.34068E-5	2.1582799999999999E-5	1.0628000000000001E-5	3.8560899999999997E-9	-1.0628000000000001E-5	-2.1582799999999999E-5	-3.34068E-5	-4.6594300000000002E-5	-6.1212300000000003E-5	-7.3867699999999998E-5	-8.0905899999999994E-5	-8.3893000000000005E-5	-8.5150900000000005E-5	-8.5379100000000004E-5	-8.4992200000000003E-5	-8.4416800000000001E-5	-8.3700400000000002E-5	-8.3043199999999998E-5	-8.2453099999999998E-5	-8.2041199999999996E-5	-8.1773999999999993E-5	-8.1707900000000004E-5	-8.1773999999999993E-5	-8.2041199999999996E-5	-8.2453099999999998E-5	-8.3043199999999998E-5	-8.3700400000000002E-5	-8.4416800000000001E-5	-8.4992200000000003E-5	-8.5379100000000004E-5	-8.5150900000000005E-5	-8.3893000000000005E-5	-8.0905899999999994E-5	-7.3867699999999998E-5	-6.1212300000000003E-5	-4.6594300000000002E-5	-3.34068E-5	-2.1582799999999999E-5	-1.0628000000000001E-5	3.8560899999999997E-9	y	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	185	190	195	200	205	210	215	220	225	230	235	240	245	250	255	260	265	270	275	280	285	290	295	300	305	310	315	320	325	330	335	340	345	350	355	360	0	1.7431148549531632	3.4729635533386065	5.1763809020504148	6.840402866513374	8.452365234813989	9.9999999999999982	11.471528727020921	12.855752193730785	14.142135623730949	15.32088886237956	16.383040885779835	17.320508075688771	18.126155740732997	18.793852415718167	19.318516525781366	19.696155060244159	19.92389396183491	20	19.92389396183491	19.696155060244159	19.318516525781366	18.79385241571817	18.126155740733001	17.320508075688775	16.383040885779835	15.32088886237956	14.142135623730951	12.85575219373079	11.471528727020919	9.9999999999999982	8.452365234813989	6.8404028665133776	5.1763809020504201	3.4729635533386056	1.7431148549531639	2.45029690981724E-15	-1.7431148549531588	-3.4729635533386096	-5.1763809020504157	-6.8404028665133731	-8.4523652348139855	-10.000000000000002	-11.471528727020923	-12.855752193730785	-14.142135623730949	-15.320888862379558	-16.383040885779831	-17.320508075688767	-18.126155740733001	-18.79385241571817	-19.318516525781366	-19.696155060244159	-19.92389396183491	-20	-19.92389396183491	-19.696155060244163	-19.318516525781369	-18.793852415718167	-18.126155740732997	-17.320508075688771	-16.383040885779835	-15.320888862379562	-14.142135623730955	-12.855752193730792	-11.47152872702093	-10.000000000000009	-8.4523652348139837	-6.8404028665133723	-5.1763809020504139	-3.4729635533386078	-1.7431148549531663	-4.90059381963448E-15	x	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	185	190	195	200	205	210	215	220	225	230	235	240	245	250	255	260	265	270	275	280	285	290	295	300	305	310	315	320	325	330	335	340	345	350	355	360	20	19.92389396183491	19.696155060244159	19.318516525781366	18.79385241571817	18.126155740732997	17.320508075688775	16.383040885779835	15.32088886237956	14.142135623730951	12.855752193730787	11.471528727020923	10.000000000000002	8.452365234813989	6.8404028665133767	5.1763809020504148	3.4729635533386083	1.7431148549531628	1.22514845490862E-15	-1.7431148549531648	-3.4729635533386061	-5.1763809020504166	-6.840402866513374	-8.4523652348139873	-9.9999999999999964	-11.471528727020923	-12.855752193730787	-14.142135623730949	-15.320888862379558	-16.383040885779838	-17.320508075688775	-18.126155740732997	-18.793852415718167	-19.318516525781362	-19.696155060244159	-19.92389396183491	-20	-19.92389396183491	-19.696155060244159	-19.318516525781366	-18.79385241571817	-18.126155740733001	-17.320508075688771	-16.383040885779835	-15.32088886237956	-14.142135623730955	-12.85575219373079	-11.471528727020928	-10.000000000000009	-8.4523652348139837	-6.8404028665133705	-5.176380902050413	-3.4729635533386065	-1.743114854953165	-3.67544536472586E-15	1.7431148549531579	3.4729635533385994	5.1763809020504059	6.8404028665133794	8.4523652348139926	10.000000000000002	11.471528727020921	12.855752193730785	14.142135623730947	15.320888862379556	16.383040885779831	17.320508075688767	18.126155740733001	18.79385241571817	19.318516525781366	19.696155060244159	19.92389396183491	20	Rotor Coil Angle (Degrees)
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