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Introduction

The number of technical applications of
ferrofluids is constantly increasing. Their
main purpose in terms of electric effects
is to fill airgaps in magnetic circuits in or-
der to lower the magnetic resistance [1].
In the following a method to increase the
efficiency of electric motors by filling the
gap between the rotor and stator with
a ferrofluid is proposed. The magnetic
field and torque in a simplified model of
an electric motor are calculated using or-
thogonal expansion [2]. A measurement
setup is developed to scrutinize the theo-
retical results.

Process Model with Radial Sections

The permeability of a ferrofluid varies with
the magnetic field strength. To fit the
µr with the local field, the gap between
the stator and rotor of the motor is dev-
ided into radial layers, which is depicted
in figure 1, as an improvement to the one-
space-model. This problem is solved by
fulfilling the boundary conditions between
each of two subspaces. Here the gap is de-
vided into 4 subspaces.

Process Model with Azimuthal Sec-
tions

A better adaptation to the varying mate-
rial properties is reached by dividing the
gap into n azimuthal sections as can be
seen in figure 2.

Figure 1: Geometry of the n-layer model.

Figure 2: Geometry of the n-section
model.

Process Model in Cartesian coordi-
nates

Electromotors usually are equipped with
very small gaps. This characteristic makes
it possible to reduce the complexity of the
process model once more. It meets the re-
quirements of the strategy associated in
general with process models, i.e. getting
reliable results using adequate simplified
geometric configurations. For the special
case dealt with here it yields to the Carte-
sian configuration shown in figure 3. It
is derived from the geometry in figure 2



by unwinding the cylindrical gap, which
means the transformation of the coordi-
nates ϕ and � into x and y.

Figure 3: Geometry of the 8-section
model in Cartesian coordinates.

The following mathematical setup is done
in the n sections:

• section 1

A1(x, y) =
n∑

j=1

cos(kjx) cosh(kjy)A1,j , (1)

• section i=2-7

Ai(x, y) =
n∑

j=1

(
sin(kjx)Ai,j + cos(kjx)Bi,j

)

cosh(kjy) , (2)

• section 8

A8(x, y) =
n∑

j=1

cos(kj[x − x8])

cosh(kjy)A8,j . (3)

To determine the eigenvalues and eigen-
vectors, the following boundary conditions
have to be fulfilled:

Bx,i(xi, y) = Bx,i+1(xi, y)

Hy,i(xi, y) = Hy,i+1(xi, y) . (4)

This results in a linear system of 2 ·n− 2
equations.
The magnetic field excited by the currents
is determined by using Oerstedt’s law and

orthogonal expansion of the eigenvectors.
The torque is calculated as

M =
∫

Irotor
dM ,

dM = ezaIb(ϕ)
dA(a, ϕ)

dϕ
dϕ , (5)

where in this Cartesian model for a as the
radius of the rotor is taken the value

a = x8/(2π) . (6)

Determination of Permeability for
Both Models

As shown in figure 4, the permeability of
the field-dependent materials, i.e. the fer-
rofluid and soft magnetic metal, is deter-
mined in a recursive procedure.

Figure 4: Recursive determination of the
permeability.

Current Reduction

Figure 5 shows the reduction of the cur-
rent at constant torque for 3 ferrofluids,
calculated with the one-space approxima-
tion. In figure 6 the torque, normalized
to the situation with an air filled gap,
is shown for the one-space approximation
(solid line) and for the radial piled gap



(triangles). In figure 7 the same compar-
ison is done for the azimuthal segment-
ed gap (squares). Because of the slightly
higher field strength at the point of the
rotor current compared with the mean val-
ue approach the gain is a little lower.
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Figure 5: Current reduction at constant
torque for 3 different ferrofluids.
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Figure 6: Normalized torque for the one-
space approximation (solid line) and the
radial piled gap.

Preparation of the Experimental Ver-
ification

For giving proof of the calculated effect,
the torque and efficiency of real electric
machines have to be measured. An ex-
perimental setup achieving this is given
in figure 6.

Conclusion

Filling the airgap of an electric motor with
ferrofluids causes a considerable rise of
torque, which means a reduction of in-
put power at constant torque. The cal-
culation is based on matching a sum of
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Figure 7: Normalized torque for the one-
space approximation (solid line) and the
azimuthal segmented gap (squares).

Figure 8: Experimental setup for mea-
surement of torque and efficiency.

orthogonal functions to the exciting cur-
rent. Several configurations are examined
to consider different aspects of the whole
problem. The calculated results will be
proved experimentally by comparing the
torque and efficiency of electric motors
with and without ferrofluids.
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