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FEM - ANALYSIS OF EDDY CURRENTS IN A BLDC 

STATOR LINER 

Ovidiu CRAIU1, Teodor-Ionuț ICHIM2 

The paper presents a numerical analysis of the eddy currents in a Brushless 

DC Motor (BLDC) with a special design. That is a capped motor with cylindrical 

liners on the stator and rotor used for stopping the hydraulic cooling fluid 

penetrating the motor.  

A Computer-Aided-Design (CAD) of a BLDC was conducted using a Finite 

Element Method (FEM) electromagnetic field model for optimizing the shape of the 

electromagnetic torque versus rotor position. Then, the model was coupled with 

stator electric circuit equations and back electromotive force (EMF) was 

determined.  

As the motor has high speed, eddy currents in the stator liner generate 

important losses and act as a brake to the rotor. To determine these losses with 

accuracy results from a 2D and a 3D FEM model were compared. 
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1. Introduction 

A common problem in designing high-speed BLDCs is dealing with 

centrifugal forces. One of the solutions to overcome the issue is to cover the rotor 

permanent magnets (PM) with a cylindrical liner (the so-called canned motors). 

Sometimes, to prevent hydraulic fluid or other particles to enter stator slots, the 

stator is also protected by a liner. In this latter case, the fast-moving magnets may 

induce high eddy currents in the stator liner. Together with higher frictional 

torque, the eddy currents are generating an important breaking torque, reducing 

motor efficiency. That is why, identifying materials with low electric conductivity 

[1] or making the stator liner of non-conductive materials such as nonmetallic, are 

solutions adopted by many. In addition to breaking torque, eddy current losses add 

to winding Joule losses making the motor cooling more challenging [2]. 

A second, equally important aspect in designing high-speed BLDC, is 

sizing the winding properly, so that enough voltage headroom remains at motor 

high speed, to allow generating the needed current. A too high number of coil 
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turns may produce a motor back EMF too close to the supplied voltage, while a 

reduced number of turns will not use efficiently the available voltage and will 

require a higher current [3, 9]. 

In this paper, a study of a BLDC operating at a rotational speed of 12,500 

rpm (corresponding to an angular velocity of 1,309 rad/s), as well as different 

computation manners of the eddy currents in the stator lining are presented. Using 

field-circuit FEM models, it was possible to compute the no-load voltage (motor 

back EMF), as well as the load phase and line-to-line voltages. To determine the 

right number of turns, the load terminal voltage magnitude must be as close as 

possible to the supply peak voltage. Apart from using all available voltage, opting 

for a higher number of turns would allow the motor to operate at a smaller current 

for obtaining the same torque while reducing Joule losses and enhancing motor 

efficiency [4]. 

2. FEM Torque optimization 

The BLDC was designed using professional software COMSOL 

Multiphysics to generate a FEM model (fig.1) [5]. Consecutive, step-by-step, 

quasi-stationary magnetic field problems are computed, governed by the equation: 
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with A the magnetic vector potential, J the current density, and t/= AJ F  

eddy currents in the stator liner. Motor permanent magnets are modeled 

considering their linear demagnetization curve defined by remnant induction Br 

and equivalent magnetic permeability μ [6]. 

 

Fig. 1. FEM field model: magnetic flux density distribution and field lines. 
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The electromagnetic torque was computed for subsequent rotor positions 

considering the current constant in two of the three wye-connected motor phases, 

during the interval between two consecutive commutations. This interval 

represents 1/6th of the electric period, which, for the studied motor with p = 2 

pole pairs, is T = 2.4x10-3s (at an angular velocity of 1,309 rad/s). To achieve a 

good resolution of the torque-time curve, the time-interval of 4x10-4s between 

commutations was divided into 40 time-steps of 1x10-5s. The motor torque was 

computed for each such step using eq. (2). Rotor movement was simulated using 

COMSOL module “Rotating Machinery, Magnetic”. This allows connecting the 

stator fixed discretization mesh with the rotor moving mesh through a slipping 

surface placed in the airgap, without rebuilding the geometry at each subsequent 

moving step [5,10]. 

  

 

a)  Torque-time variation curves for different slot openings l_istm. 

 

b) Torque-time variation curves for different slot openings l_istm and pole pitch alpha. 
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c)  Torque-time variation curves for different pole pitch values alpha. 

 

d) Torque-time variation curves for different stator yoke heights h_jug. 

Fig. 2. Torque-rotor positions for different geometrical constructive parameters 

(computed for 1/6th of a period, T/6 = 0.4 ms). 

The electromagnetic torque was determined with Arrkio’s relation, which 

is a variant of the Maxwellian tensor method that consists, for 2D models, in a 

surface integral between the two radii placed at the level of machine’s airgap 

multiplied with motor ideal axial length li:  
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where S is the airgap area comprised between an internal radius ri and external 

radius re, Br and Bφ are the radial and tangential magnetic flux densities. Due to 

integration on a curve rather than a surface S, the Maxwellian tensor, which is the 

implicit method used in COMSOL for torque computation, is less accurate than 

Arrkio’s method [7,10,12]. 

In fig. 2 are shown various torque-time curves reflecting various 

optimization stages done to achieve a torque with less possible ripple. Among the 

modified geometrical parameters were: h_jug – the stator yoke height; r_umar – 

the radius of the rotor within two consecutive permanent magnets; l_istm – the 

slot opening; alpha – the permanent magnet pole pitch [13]. The final torque-rotor 

position variation is shown in fig. 3. Despite the optimization, the torque ripple 

remains noticeable, but that is specific to BLDC motors with switched 

commutation. In contrast, the continuous rotation of the stator magnetic field in 

AC brushless motors generates a smoother operation, with less torque ripple 

[3,14] . 

 

Fig. 3. The torque has some ripple, which is specific to concentrate windings. 

3. Eddy currents computation 

Eddy currents in the stator sleeve were computed from FEM numerical 

solution in two different ways. The first method consisted in computing directly 

Joule losses in the stator liner: 

 =

S

FiF dSJlP 2                                                                                         (3) 

with li, the ideal axial length of the motor, ρ the material resistivity (the material 

used was Hastelloy C-4 with electric resistivity 1.25x10-6 Ωm), JF Foucault 

current density and S the stator can area (where eddy currents are induced, fig. 4).  

The second method consists in computing the torque with and without 

eddy current losses in the stator liner. The difference between torque values (top 
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line and bottom lines in fig. 5) is noted with MF and represents the breaking torque 

caused by eddy currents. 

 

Fig. 4. Eddy currents in the stator sleeve in A/mm2 at time t = 0.00174s). 

The two torque-time variations (solid blue and dot green curves in fig. 6) 

are computed for two stator liner widths, higher torque corresponding to the 

narrower liner. The eddy current losses are given by PF = MF x Ω, with Ω the 

angular speed. Both methods used produced a similar result, with PF = 86W when 

computed directly with eq. (3), or 84.2 W when computed from torque difference 

for the stator with 0.35mm can. 

 

Fig. 5. Torque computed at same current and stator liner width: 

 a) 0.35mm, b) 0.30 mm and c) no eddy currents considered in the liner. 
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The eddy currents produce the largest losses inside the motor making its 

cooling more challenging. The reduction of eddy current losses to 74 W, fig. 6., or 

71.9W computed using torque difference, can be achieved by diminishing the 

stator inner sleeve thickness from 0.35mm to 0.30mm. 

As expected, Foucault losses are proportional to the stator liner width as 

the magnetic field is perpendicular to it (compared to eddy current losses in the 

laminations of an electrical machine, proportional to the square of the lamination 

width, as magnetic field direction is along the laminations) [8]. 

 

Fig. 6. Eddy currents losses variation as rotor moves, for stator liner thickness: 

a) 0.35mm, b) 0.3mm. 

As eddy current losses are very important to motor final design and its 

cooling, and because the 2D model considers currents having only axial direction, 

a 3D model was developed, fig 7. 

The eddy current losses obtained from the 3D model, fig. 8 are 69W 

smaller than 84W computed with the 2D model. In fig. 9 the power losses time 

variation is plotted. Despite some numerical incertitude, the pre-design 

calculations are given a good feeling of the magnitude of the eddy current losses 

and the design measures that should be considered for their limitation. Among 

those, is reducing the stator liner thickness to a minimum technologic value and 

usage of Hastelloy C-4, a metallic alloy with very low electrical conductivity. 

Using carbon fiber or a rigid plastic as the material for the stator liner to annul 

eddy currents completely was not considered for this model, as that would imply 

increasing liner thickness and the motor total airgap, generating a torque decrease. 

To compute the motor back EMF, the field model was coupled with the 

circuit equation. In eq. (1) current density was not given, but it resulted from the 

stator circuit equation V = RLIcoil. As the generated current is negligible due to the 

very high value of the load resistance RL, the machine’s terminal voltage V equals 

back EMF. To compute the maximum EMF the rotor is spined at no-load speed, 

and it should not exceed supplied voltage [9,11,12]. 
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a) 

 
b) 

Fig. 7. The motor 3D model used for computing eddy currents in the stator liner: a) discretization 

mesh, b) magnetic flux density and field lines. 

 

 

Fig. 8. The current density distribution in the motor [A/m2] (light blue - the current 

density in the two active phases; eddy currents do not have a constant value in axial  

direction and have higher values in front of the permanent magnets). 

 

Fig. 9. Eddy current losses time variation was obtained from 3D calculation at 12,500 rpm. 
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As shown in fig. 10, the line-to-line voltage waveform is not quite 

trapezoidal, as it should be in BLDC motors, and that is generating some torque 

ripple. That is also caused by the fact the motor is equipped with a concentrated 

(tooth) winding to reduce the length of the end turns. Such a winding produces a 

more sinusoidal back EMF (windings with an integer number of slots per pole and 

phase are producing more trapezoidal-shaped EMF, thus more suitable in BLDC 

machines) [15,16,17].  

 

Fig. 10. Motor line-to-line and phase back EMF. For 30 turns per coil, the line voltage value falls 

under the maximum available voltage of 120V. 

4. Conclusions 

Designing, optimizing, and analyzing BLDC motor performance using 

numerical modeling represent a modern and powerful tool. Combining field FEM 

model with simple but needed circuit equations allowed precise dimensioning of 

the coil number of turns, by computing motor back EMF. The parametrized 

geometry of the motor, modeled using COMSOL Multiphysics, allowed its 

optimization resulting in a torque-time variation with minimal ripple. 

While in high-speed BLDC motors, the rotor permanent magnets must be 

capped to resist centrifugal forces, there are also cases when the stator should be 

protected by a liner to prevent, for example, a fluid penetration to the motor coils. 

In such situations, the eddy current generated by permanent magnets in the stator 

cup is important and can generate most of the losses in the motor. The model 

proposed here showed that losses can be computed in a couple of ways and, while 

a 3D model will be more precise, a 2D model will also suffice. Compared with 

other professional software, COMSOL Multiphysics allows modeling 3D coils 

with their exact spatial distribution of the current density, making more precise 

the computation. Regardless of using 2D or 3D models, the numerical analysis 
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will provide more information than any analytical calculations about the eddy 

current distribution and losses.   
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