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Toroidally-wound brushless direct-current (BLDC) machines are compact, highly efficient, and can
work across a large magnetic gap. For these reasons, they have been used in pumps, flywheel
energy storage systems and left ventricular assist devices among others. The common feature of
these systems is a spinning rotor supported by a set of (either mechanical or magnetic) bearings.
From the view point of dynamics, it is desirable to increase the first critical speed of the rotor so
that it can run at a higher operating speed. The first critical speed of the rotor is determined by the
radial stiffnesses of the bearings and the rotor mass. The motor also affects the first critical speed
if the rotor is displaced from the rotating center. In this paper, we analytically derive the flux
density distribution in a toroidally-wound BLDC machine and also derive the negative stiffness of
the motor, based on the assumption that the rotor displacement perturbs the flux density
distribution linearly. The estimated negative stiffness is validated by finite element analyses.
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B, = Remanent flux density of the magnet

rem

B, =Radial flux density
H, = Permeability of free space (4 7 x1077 H/m)
€,. =Mechanical angle

8, =Electrical angle

t = Unit vector in the radial direction

M, = Space fundamental of the magnetization
p = Number of pole pairs

v = Potential function

L = Axial length of the machine

g, = Nominal air gap length

H = Magnetic field intensity vector

), Magnetic Fields (X))

H, =Tangential field intensity (A/m)
H_ = Strength of the magnet (A/m)
M = Magnetization vector

F, = Horizontal force (N)

K, = Stiffness
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Fig. 1 Schematic a toroidally-wound two-pole brushless
DC machine. The rotor back iron is optional
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Fig. 2 The rotor magnet is assumed to move in the
horizontal direction. Coils are not shown
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Table 1 Geometry of Reference Machines A and B

Description Size(mm)
A B
Inner radius of rotor back iron ( R, ) 3 40
Inner radius of rotor PM ( R, ) 8 120
Outer radius of rotor PM ( R, ) 9 150
Inner radius of stator back iron ( R; ) 11 190
Outer radius of stator back iron ( R, ) 18 300
Axial length of the machine ( L) 10 100
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Fig. 3 Maximum flux density error ratio obtained at the
middle of the air gap for both case 1 and case 2,
while varying the thickness of rotor PM(Machine
A)
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