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Introduction 
Permanent magnet (PM) motors have found wide applications in industrial and domestic appliance 
drive market because of their advantages such as high efficiency, high torque-to-volume ratio, and high 
drive performance. This paper presents the development of a high speed PM brushless DC motor for 
driving embroidery machines. In the design of the motor, the magnetic field finite element analysis 
(FEA) was conducted to calculate the key motor parameters such as the air gap flux, back electromotive 
force (emf), and inductance, etc. Based on the numerical magnetic field analysis, a modified 
incremental energy method (MIEM) is introduced to effectively calculate the self and mutual 
inductances of the stator windings. The motor prototype has been constructed and tested with both a 
dynamometer and a high speed embroidery machines, which validates successfully the theoretical 
calculations. 

Motor Configuration and Major Dimensions 
Fig.1 illustrates the magnetically relevant parts of the motor. The laminated stator has 12 slots, in which 
the three phase single-layer windings are placed. The rotor core and shaft are made of solid mild steel, 
and four pieces of PMs are mounted and bound on the surface of the rotor. The stator core has an inside 
diameter of 38 mm, outside diameter of 76 mm, and axial length of 38 mm. The main air gap length and 
the height of the PMs along the radial magnetization direction are chosen as 1 mm and 2.5 mm, 
respectively. The motor is driven by a brushless DC control scheme, delivering an output torque of 1.6 
Nm at the rated speed of 5000 rev/min. 

 
Fig.1 Cross section of  high speed PM motor 

 
Fig.2 Plot of no-load magnetic 

flux density vectors 

 
Fig.3 Flux linking a coil versus rotor 

angle due to rotor PMs 

Computation of Motor Parameters and Performance 
Fig.2 illustrates the magnetic field distribution at no-load at the rotor position of Fig.1, from which the 
phase winding flux produced by the rotor PMs, back emf, and cogging torque can be determined. The 
curves of these parameters against the rotor angular position or time can be obtained by a series of 
magnetic field FEAs at different rotor positions. Fig.3 shows the no-load flux linking a coil (two coils 
form a phase winding) at different rotor positions. By the discrete Fourier transformation, the 
magnitude of the fundamental of the coil flux was calculated as φ1=0.543 mWb, and the emf constant 
can then be determined as 0.2457 Vs/rad, by 
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where p=4 is the number of poles and Ns=320 is the number of turns of a phase winding. The cogging 
torque curve was also calculated, but it was found very small with a maximum value of 0.014 Nm. 

The winding incremental inductances are calculated by a modified incremental energy method, which 
includes the following steps: (1) For a given rotor position θ, conduct a non-linear field analysis 
considering the saturation due to the PMs, and save the incremental permeability in each element; (2) 
Set the remanence of PMs to be zero, and conduct linear field analyses with the saved permeabilities 
under perturbed stator current excitations, i.e. assigning the 3 phase winding currents as (ia,ib,ic) = 
(Δi,Δi,0), (Δi,0,Δi), (0,Δi,Δi), (Δi,0,0), (0,0,Δi), and (0,Δi,0), respectively; (3) Calculate the incremental 
co-energy for each current excitation; and (4) Calculate the incremental inductances by 

  ( ) ( )
( )2

,0,0,2
i
iWL c

aa ∆
∆

=
θθ                  (2a) 

  ( ) ( ) ( ) ( ) ( )
( )2

,0,0,,0,,0,0,,
i

iWiWiiWLL ccc
baab ∆

∆−∆−∆∆
==

θθθθθ          (2b) 

  ( ) ( ) ( ) ( ) ( )
( )2

,0,0,,,0,0,,0,
i

iWiWiiWLL ccc
acca ∆

∆−∆−∆∆
==

θθθθθ           (2c) 

Fig.4 shows the calculated self and mutual incremental inductances at different rotor positions. To 
predict the motor performance, an equivalent electrical circuit is derived as shown in Fig.5, where E1, R1, 
and X1 are the back emf, stator winding resistance, and synchronous reactance which equals the self 
reactance plus half of the mutual reactance, and V1 and I1 are the stator phase voltage and current, 
respectively. The motor is operated in the optimum brushless DC operating mode, i.e. I1 in phase with 
E1. Fig.6 illustrates the torque/speed curves with different values of terminal voltage. 

 
Fig.4 Inductances versus rotor angle 
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Fig.5 Per-phase equivalent electrical 

circuit 

 
Fig.6 Torque/speed curves  

Experimental Validation 
A motor prototype has been constructed and tested with a brushless DC control scheme to validate the 
theoretical calculations. The back emf was measured at different rotor speeds and the experimentally 
determined emf constant is 0.2464 Vs/rad, very close to the theoretical value. Other parameters, such as 
the inductances and torque/speed curves are also in substantially agreement with the theory. 

Conclusion 
A high speed PM motor has been developed for driving embroidery machines by using magnetic field 
analysis. A modified incremental energy method is introduced for calculating the self and mutual 
inductances of the phase windings. The calculations of motor parameters and performance are validated 
by the experimental results on the prototype. More theoretical and experimental results will be reported 
in the full paper. 
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