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Analysis of a DC motor 
Introduction
Magnetism and DC motors are fundamentals within the field of electronics, this report aims to outline the principles of magnetism and the basic workings of brushed DC motors, then go on to analyse a FEMM model of a DC motor.
Magnetism
All materials react to a magnetic field in some way, the way they react is dependent on the number of unpaired electrons surrounding the nuclei within the atoms and their magnetic moments. Diamagnetic materials have every electron in a pair, these materials, slightly repel an applied magnetic field however cannot retain a magnetic field.  Paramagnetic materials have a few unpaired electrons this makes them slightly attracted by a magnetic field, however these materials cannot retain a magnetic field. Lastly there are ferromagnetic materials, these materials have a strong attraction to an applied magnetic field and can retain a magnetic field, this is due to their magnetic domains [1], figure 1 shows how the existence/alignment of magnetic domains changes the magnetic properties of a material.
[image: ]
Figure 1 [2]  Magnetic domains.
The focus in this case is electromagnets, an electromagnet is created when there is a movement of electrical charge e.g. an electrical current; this movement of charge produces a magnetic field which can be manipulated in various ways.  To improve the efficiency and strength of an electromagnetic field a length of wire can be wrapped around a ferromagnetic core to produce an electromagnet as shown in figure 2. 
[image: ]
Figure 2 [3] A basic electromagnet.
There are many ways the magnetic field could be changed in this example (Figure 3) increasing the number of turns and/or the current running through the wire would increase the field strength and size according to the equations   (where H is the field strength, N is the number of turns, I is the current, is circumference of material ,and ), however inefficiencies such as eddy currents are created in the core, these can be counteracted by laminating [4].
[bookmark: _GoBack][image: ]
Figure 3 [4] Electromagnet variables.
Lorentz and DC motors
The Lorentz force is caused when a charged particle moves through a magnetic field and follows the equation   and this force enacts on the charge in the direction dictated by Fleming’s left-hand rule; this force is the fundamental basis of the function of a DC motor [5].  Figure 4 shows a basic DC motor which converts electrical energy to mechanical energy, it consists of a single conducting coil (rotor) connected to as a slit-ring commutator, in a permanent magnetic field. The interaction of the magnetic field produced by the current in the conductor (A) with the magnetic field (B) produced by the permanent magnet or electromagnet (N-S) (Stator), creates a rotation. When the rotor reaches 90° the direction of the current changes due to the slit-ring changing the direction of the current and therefore the magnetic field, this enables the conductor to rotate continuously. At the point where the conductor is at the switching point on where only the momentum of the conductor is in action, this can be improved by adding another conductor winding (at 90°) and making the slit rings every 90° on the commutator [5]. 
[image: ][image: ]F

Figure 4 [5] Basic DC motor.
Shunt and series DC motors
If the magnets in the stator are electromagnets they can be connected to the same supply as the rotor to change the properties of the motor.  If the rotor is connected in series with the stator it forms a series DC motor, this has the advantage of having a high starting torque, but its speed varies massively dependent on the load [6]. A shunt motor is when the stator and the rotor are wired in parallel, this causes the motor to have a low starting torque however because of faraday’s law   the speed remains stable if a load is added/increased.  When the rotor turns an EMF is produced in the opposite direction, this changes the current in the stator/armature, if the speed of the rotor increases due to reduction in load a greater EMF is produced reducing the current in the stator therefore reducing the field strength and speed of the rotor [7].
FEMM and Tasks
To further investigate the DC motor a finite element method magnetics (FEMM) simulation was done to gain an insight into the magnetic flux produced by a DC motor and its effects on the rotor.
Finite element method
This method is used for many areas of science and engineering to provide a simulation for a model. It is a discretization method to solve partial differential equations which cannot be solved through analytical methods.  The discretization assigns an approximate numerical model equation which is solvable, to give an estimation to the partial differential equation. To estimate the solution to a full 2D or 3D system, a mesh is generated based on the user input (node size etc.) with each section being assigned a numerical equation dependent on the model which is then evaluated [7], examples of this can be seen in figure 5 and 6.
[image: Finite element discretization of the heat sink model.][image: A discretization for an approximation of a function.]
Figure 5 [7] FEM mesh applied to 2D and 3D models.

[image: A schematic showing the geometry and placement of nodes for 2D and 3D linear elements.][image: Second-order elements that correspond to the linear elements.]
Figure 6 Mesh elements/shapes that can be used.
DC motor model using FEMM
FEMM is a software that uses FEM specifically for magnetic models. For these tasks the simple DC motor model was created based on predefined specifications. The model and the example of a FEM mesh are shown below in figure 7. 
[image: ][image: ]
Figure 7 DC motor model created in FEMM and the FEM mesh associated with the model.
This model is similar to the basic DC motor in figure 5, the stator consists of two coils of wire with and iron core to from an electromagnet, in the centre is the rotor which is a single turn and the whole system is surrounded by air.  After the simulation is run the flux in and around the system is shown. In figure 8 a feature of the software was used to show flux density in colour showing the capabilities of FEM for modelling.
[image: ]
Figure 8 Flux density colour plot.
[bookmark: _Hlk503293951]Task 1 “Provide an estimate of the total magnetic flux being created in the stator circuit.”
Using the FEMM software tools the flux was measured across one of the stator arms as this is where the peak flux levels are due to the coils on the armature (red line in figure 9 is the measurement range). This gives the approximation of  total flux created by the stator.
[image: ]
Figure 9 Total flux measurement in the DC motor model.
Task 2 “Provide an estimate of flux cutting the rotor coil as a function of the coil angle.”
To do this one full rotation of the rotor must be mapped with the flux cutting the rotor being measured each time, as FEMM can only perform a snapshot with no real time simulation/movement, the rotor cannot be moved automatically; instead as the flux in the area the rotor will rotate is unchanging (theoretically) the rotation of the rotor can be mapped using trigonometry to calculate each end of the rotor then the same measurement tool used in task 1 the flux cutting that line representing the rotor can be calculated. The calculation of these points is visualised in figure 10, red is the path of the rotor, annotated is the original position of the rotor and the calculation for obtaining (R is the radius 20mm) the position of the rotor ends.
[image: ]
Figure 10 Rotor calculation diagram.
The this was done in steps of 1° each time the flux cutting the rotor was calculated in software, the full table of results can be found in the appendix (Entry 1); using this data a graph was produced to show the flux in relation to the angle of rotation (figure 11 next page).
[image: ]
Figure 11 Graph showing flux in the rotor with relation to position.
This graph shows the flux cutting the rotor increased as the coil rotated, the point at which the rotor was cutting the most flux  was at around ±50° and ±130°, this suggests the system is inefficient in some way as the maximum flux should be when the rotor is perpendicular to the field therefore cutting the most flux.  However, this is not the case as after 50° there is a dip in flux until the same point in the next quarter of rotation (130°). Figure 12 and the equations explain this.
 Where V is the induced EMF, N is the number of turns, B is flux, A is the area cutting the field.   is angular velocity and  is the rotor angle.
[image: ]
Figure 12 Diagram of DC motor rotor within the magnetic field
Task 3 “Determine the flux leakage factor for the design.”
The flux leakage can be calculated simply by taking the maximum flux generated by the system and the maximum flux used by the system to work out the percentage of flux used/lost this is shown below. 


This means that the system is just over half efficient.
Conclusion
The FEM method used by the FEMM software is a powerful tool to evaluate magnetic models. The findings from the research on magnetics and DC motors gave the background to explain the findings from the experiment. It was found from the simulation that the DC motor model constructed was not very efficient and there is room for improvement.
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