Boundary Element analysis of cogging force in linear motor
By: Amandeep Bal, Testing and Benchmarking Engineer, Integrated Engineering Software

A linear motor is an electric motor that has had its stator and rotor "unrolled” so that instead of
producing a torque (rotation) it produces a linear force along its length. Iron core linear motors
have traditionally suffered from a phenomenon known as cogging. This is seen as a periodically
varying resistive force and it is caused because the motor coil has preferred positions in relation
to the magnet track and resists attempts to move it off these preferred positions. Cogging limits
the smoothness of motion systems because the force generated by the motor must change with
position in order to maintain a constant velocity. The cogging of the motor must be minimized
for high precision applications because it is an undesirable component for the operation of motor.
It is especially prominent at lower speeds, with the symptom of jerkiness; however, at high speed
the motor moment of inertia filters out its effect. This article investigates the analysis of cogging
force of a linear motor using boundary element analysis and built in parametric feature of the two
dimensional magnetic solver. The solver used to analyze this problem is an automatic solver that
also has option of switching to either Finite Element Method (FEM) or Boundary Element
method (BEM) manually. BEM solver has been selected to solve this problem. As its name
suggests, the boundary-element method only requires that elements be on the boundary of the
model being simulated (figure 2). The question is how are these elements are used to calculate the
magnetic field or other derived quantities such as force and torque? The answer lies in the
integral form of Maxwell’s equations. A known current source lets us calculate the magnetic
field at any point arising from this current by integrating the source along with the appropriate
so-called Green’s function. Without getting into a lot of unnecessary mathematical detail, it is
thus possible to calculate the magnetic field from current sources by doing some basic
integration with the sources.

Under the hood, the boundary-element method replaces the magnetic materials with an equivalent
surface current. Once this value is known, it can be treated the same as any real surface current.
Thus, the goal of the boundary-element approach is to replace all magnetic materials with
equivalent currents and then use basic integration to calculate the fields at any point.

In contrast, the finite-element method requires a finite-element mesh in the model as well as in the
surrounding space. Theoretically, the mesh should extend off to infinity for an exact solution. Of
course this is impossible, so it is necessary to arbitrarily decide how far the mesh should extend
away from the cylinder to get an acceptable solution. This can be a major problem while dealing
with open region problems.

Assuming a proper mesh has been generated, the goal is to ultimately determine the magnetic field.
To do this with finite elements typically involves first solving for a scalar or a vector quantity
calculated at each of the nodes of the finite-element mesh. For magnetics problems, users typically
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calculate magnetic-vector potential. This is an artificial quantity. To get the magnetic field, it is
necessary to differentiate or take the curl of the magnetic-vector potential. This operation is in
contrast to the boundary-element method where a user would integrate the unknowns to calculate
the magnetic field.

Figure 1 shows the two dimensional model of a linear motor which consists of magnets and
windings. The magnets are bond to an iron plate and the coils are wound in the slots. The current
applied to coils controls speed, force and direction of the motor. The magnets shown in the
model have opposite polarities.
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Figl: Two-dimensional model of linear motor

The stator and rotor are made of steel and Neodymium 10 MGQOe Bonded, respectively. Since all
the materials are linear, the BEM solver needs to solve for unknowns only at the boundaries. This
model contains about 796 1D elements. Without the symmetric conditions, this model would
require more elements and a RAM. It can also increase the computational time significantly.
Therefore, symmetry about any principal plane should be made use for a faster simulation.

Figure 2 shows the physics settings in the solver. The solver type is set to ‘Fields’. In the solver
setup, BEM is the method of solution. The matrix solver type can be set to ‘Direct’, ‘Iterative’ or
‘Auto’. In auto mode, a 2D Magnetic field solver will automatically determine the best solver
without requiring any user interaction. The direct solver is robust but requires more time than the
iterative solver. The meshing is self-adaptive.
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Fig 2: Distribution of elements and physics settings in model
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Solver’s built-in parametric features allow the user to change parameters, such as dimensions and
materials, and determine how they will affect the ultimate performance of the model. Easily, the
user can modify the design by stretching, transforming or rotating parts of the geometry, among
other functions. This allow designers to set up calculations and graphical analysis for any
parameters not available as standard output. Parametric set up was used to set up parameters shown
in figure 3. The parameter type in this problem was set to “Geometry: Displacement” and
parameter name was set to “Stroke” as shown in figure 4. Geometry was selected by clicking
“Select Geometry” button and then selecting permanent magnet region of rotor in the model. Then
the reference point and target points on the model were selected by clicking “Pick (x.y)”. One loop
with 61 steps were fixed for parametric analyses. Amperian force on selected regions was
analyzed. After running the parametrics, the solver iterated through requested parametric
variations and final parametric table will appear as shown in figure 5. Plots can be made from this
data as shown in figure 6.
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Figure 5: Parametric results
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Fig 6: Analysis of cogging force

Hence, parametric analysis feature in the software program allow the user to change parameters,
such as dimensions and materials, and determine how they will affect the ultimate performance
of the model. Easily, the user can modify the design by stretching, transforming or rotating parts
of the geometry, among other functions. Our postprocessor tools allow designers to set up
calculations and graphical analysis for any parameters not available as standard output



