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Abstract —This	paper	develops	a	particular	2D	FEM	model	for	
iron	 loss	 analysis	 in	 permanent	 magnet	 machines	 during	 rotor	
speed	oscillations.	Hysteresis	and	saturation	effects	in	solid	rotor	
iron	parts	are	considered	and	rotor	skew	is	accounted	by	using	a	
particular	 special	 air-gap	 element	 combined	 with	 standard	 2D	
finite	 elements.	 Internal	 and	 surface	 permanent	 magnet	 rotor	
topologies	 are	 compared.	 The	 results	 obtained	 have	 been	
validated	by	measurements	of	rotor	speed	damping,	consisting	an	
important	phenomenon	of	the	respective	drive.	
 

Index Terms—Analytical	 solutions,	 finite	 element	 method,	
permanent	magnets,	rotor	skew,	speed	oscillations.			

I. INTRODUCTION 
Permanent magnet (PM) motors are widely used in variable 

speed drive applications, due to their inherent advantages of 
high efficiency, high reliability and robustness [1]. However, 
the small damping effects of the rotor constitute an important 
constraint requiring adequate control techniques in order to 
avoid speed oscillations [2]. The present paper develops 
particular methodologies enabling to evaluate iron loss [3], [4] 
and the respective damping during oscillatory operation 
through convenient 2D finite element analysis. The method has 
been applied in order to compare damping effects of surface 
(SPM) and internal permanent magnet (IPM) rotor 
configurations.     

II. FORMULATION 
In order to enable a flexible time discretization and rotor 

skew consideration, the air gap of the machine has been 
represented by analytical solutions combined with standard 2D 
FEM techniques for stator and rotor simulation [1].  Such a 
methodology involves a particular coupling of the two 
methods across the boundary, obtained as follows: 

A. 2D Hybrid FEM-Macroelement Formulation 
In the air-gap of electrical machines, the magnetic field 

distribution is governed by Laplace equation as the magnetic 
permeability is constant and there are no current sources. The 
proposed technique involves shape functions αi determination 
based on the general solution of Laplace equation in terms of 
the vector potential in two dimensional cylindrical coordinate 
system.  

Generally the system of equations to be solved can be 
written in matrix form: 

[S] [A] = [F]                                  (1) 
 

where [S] is the stiffness matrix, A is the matrix of unknown 
vector potential nodal values and [F] the source matrix. 

The standard finite element stiffness matrix is band while 
the nodes surrounding the air-gap (macroelement part) form 
locally a full coefficient sub-matrix with terms of the form: 
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Such a technique enables consideration of rotor skew by 
convenient constitution of the respective integrals as well as 
flexible representation of the rotor rotation. 

B. Coupled Electromagnetic-Mechanical Problem 
The coupled mechanical-electromagnetic problem of rotor 

speed oscillations can be solved [5], by conveniently 
combining the above mentioned formulation for the field 
analysis with the one governing the rotor motion, expressed as 
follows: 
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                  (3) 

 For this reason a step by step time discretization is 
employed. The relative movement of the rotor to the stator, in 
a time-transient analysis can be modeled by applying variable 
time step techniques and considering the relative geometry 
variation with rotor rotation. In a first step the 2D FE problem 
is solved and the electromagnetic torque is evaluated. Then, 
electromagnetic torque value, and the value of the rotor angle 
is obtained, providing feedback to the FE model. The problem 
is solved for the new rotor position and the new current values. 
The flowchart of the described algorithm is depicted in Fig. 1.  

 
Fig. 1. Flowchart of the implemented algorithm  

 
The time step is continuously adapted to the variation of 

electromagnetic quantities as the mechanical time constants are 
considerably greater.  

III. RESULTS AND DISCUSSION 
The proposed methodology has been applied in order to 

compare the damping effectiveness of rotor oscillations in case 
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of two different rotor configurations, SPM and IPM, 
respectively. The eddy current losses distributions for the SPM 
machine under maximum oscillation speed for two rotor 
positions are given in Fig. 2. Figure 3 shows the same results 
in case of IPM rotor configuration. The respective iron loss 
density and eddy current density distributions in the radial 
direction are presented in Figs. 4 and 5. These figures equally 
show the respective iron loss density and eddy current density 
distributions in the respective cases involving rotor skew. The 
total iron loss values for the different rotor configurations are 
tabulated in table I, illustrating that the IPM configuration 
provides six times greater damping than the SPM one. It may 
be noted that the calculated damping effects are in good 
agreement with the respective mechanical time constants 
derived by the measured current and speed oscillations shown 
in Fig. 6.   

  
Fig. 2. Eddy losses distribution in the rotor body of the surface pm motor for 

two rotor positions during maximum oscillation speed  
 

 
Fig. 3. Eddy losses distribution in the rotor body of the internal pm motor for 

two rotor positions during maximum oscillation speed 
 

 
Fig. 4. Radial variation of eddy current density and iron loss density 

 (SPM machine,   *  *  *
		: without skew,   _____		: with skew) 

 
Fig. 5. Radial variation of eddy current density and iron loss density 

(IPM machine,   *  *  *
		: without skew,   _____		: with skew) 

 
 

 
Fig. 6. Experimental waveforms of phase current and speed time variations 

(SPM machine) 
 

TABLE I 
TYPES SIZES FOR CAMERA-READY PAPERS 

Type	 Losses	(W)	
Surface (with skew) 0.419 
Surface (without skew) 0.464 
Internal (with skew) 2.5 
Internal (without skew) 2.6 
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