Design of aLinear Transverse Flux Actuator
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Abstract — Transverse flux motors feature high force
densities and hence compact designs. Unfortunately, their
complex three-dimensional geometries hamper industrial
series production. This is especially true when the machine's
dimensions are very small. The numerical computation of a
linear transverse flux actuator, which is simultaneously
compact and manufacturable, is presented here. The use of
powdered soft magnetic composites is appropriate for this
application. Thefinite element method is used to calculate the
forces, the inductance and the back-emf. The actuator is
designed for high dynamic and accurate positioning.

Index Terms — Actuators, Permanent magnet machines,
Finite element methods.

1. Transverseflux principle

In transverse flux machines, the magnetic flux
approximately flows in planar surfaces perpendicular to the
direction of motion of the moving part. This property
enables a physical separation of the windings and the
magnetic interaction region close to the mover (Fig. 1).
Consequently, iron losses and Joule losses are independent
from each other. When compared to other machine types,
higher force densities are achievable, because the coil flux
islinked to all the mover poles. By augmenting the number
of poles per unit length, the force density is further
increased without changing the current [5].
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Fig. 1: Transverse flux principle.
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Fig. 2: Linear transverse flux actuator.

2. Linear transver se flux actuator

Figure 2 illustrates how to construct a linear transverse
flux actuator applying the concept of figure 1. The mover
comprises three high energy NdFeB-magnets magnetised
in the direction of motion and two ferromagnetic
connections representing the mover poles (Fig. 3). The
configuration of the stator is more complicated, but it
contains two of the same components (Fig. 4).

Powdered soft magnetic composites are particularly
appropriate for this application, because the use of
permanent magnets enlarges the airgap magnetically and
hence reduces the relative importance of the powder
material's permeability [1,2,3]. Furthermore, the basic
stator component is easily formed in a die followed by a
sintering process. This aso permits industrial series
production, even when the dimensions are very small.

3. Design specifications
The proposed device serves as an actuator. It is
specified that the actuator must operate a mass My OVEr

an averaged distance AXagin a time Aty,q. However,
shorter or longer trajectories up to 3AXaq are possible and
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Fig. 3: Basic geometry of the transverse flux actuator.
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Fig. 4: Meshed basic component of the stator.
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Fig. 5a: Position dependency of the x-component of the
surface force density, forthe geometry of figure 3.

the starting position is not fixed. It follows that a minimum
accel eration ay, of

A
Qmin = 4(A:fﬁ )

must be attained over the first part of the trajectory AXayg,
succeeded by a deceleration of -a,,;, over the second part.
The actuator's height is restricted to hye . This eventually
yields the following relation for the minimum surface force
density F*,;, to be generated on the mover:

= Smin — P mover fh hma>< 3min
200

in which pmever IS @n equivalent mover mass density and f,
is the per cent ratio of the mover height to the actuator
height.

: 2

The minimum surface force density for this application,
considering the aforementioned specifications, equals
0.7 N/cm?, assuming a mass density for the mover of
7800 kg/m® and an approximate per cent ratio f, of 30.
Obvioudly, the performance of the proposed actuator is not
restricted by this condition, as transverse flux motors can
generate force densities up to 4 N/cm? and even more
[4,6]. Besides the surface force density specification, some
other requirements have been determined in advance,
among which a low force ripple, a high efficiency and a
high ratio of the resulting force to the applied current over
the whole length.

4. Fundamental behaviour

When the coil is not excited, reluctance forces drive the
mover towards a position with a minimum of field energy.
On the other hand, an extra force is generated upon the
reluctance force when the coil is driven by a current. This
additional force is called the net force. It depends on the
applied current and the mover position. The total force is
the sum of the reluctance force and the net force. All forces
have an x-component in the direction of motion and a z-
component along a vertical axis (Fig. 3). The y-component
of the forces is not considered, as it remains small relative
to the other components.

Here, the basic geometry from figure 3, for which all
mover parts are of equal height and width, is considered.
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Fig. 5b: Position dependency of the z-component of the surface
force density, for the geometry of figure 3.

The analysis of this actuator requires a 3D-approach, due
to the complexity of the flux patterns. The finite element
method is used to study the fundamental behaviour of this
device. Figure 4 shows the 3D mesh, which is obtained
after applying solid modelling on one half of the stator.
The mesh is strongly refined close to the teeth and the
mover in order to obtain an accurate field solution around
the mover. The forces are determined from this solution by
further improving the accuracy of the local field around the
mover using a local analytical solution of the Laplace
equation [8,9].

The position-dependency of the surface force density
components, for a constant current in the coil, is plotted in
figures 5a and 5h. The position is expressed in terms of the
number of pole pitches. One pole pitch 7t is defined as the
x-distance between two successive poles with different
polarity. Thisis half of the distance between two poles on
the same plate (Fig. 3).

The following symmetry conditions are applied to
determine the forces outside the plotted domain:
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From figures 5aand 5b, some important symmetry rules

can be observed:

e F5qisperiodic with period 1.

e F%..qisperiodic with period 2.

e F5 .« isperiodic with period 21.

e F5..« is negligible compared to F.4. Coil currents
have amost no influence on the forces in the Z-
direction.

e F5 and F°.4 are of about the same magnitude.

e All reluctance and net forces can be approximated by
atriangularly shaped periodic function.

It can be observed that, for a constant position and
within the required specifications, the surface force density
FS.n« IS proportional to the applied current. Hence, the
proportionality factor is position dependent and behaves in
the same way as the net surface force density.
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Fig.6: Double motor concept: two parallel shifted motors

with connected movers, featuring constant force
generation and increased efficiency.

5. Double actuator requirement

It is impossible to generate a constant driving force in
the direction of motion because zero-force positions appear
aong the trgjectory. Moreover, holding the mover in a
fixed position requires a constant current in the coil to
compensate for the reluctance force. This yields very low
efficiencies. These problems are solved by joining a
second, identical actuator to the construction to form a
double arrangement, without violating the maximum
height specification (Fig. 6). A non-ferromagnetic material
connects both movers. The second actuator is shifted
relatively to the first motor over a distance of half a pole
pitch, in order to obtain an approximately constant
resulting net force in the direction of motion when both
coils are driven by the same current.

By this shift, the reluctance forces in the direction of
motion approximately compensate for each other. As a
consequence, the mover can be held in a fixed position
without significant currents in the coil. Unfortunately, the
reluctance forces in the vertical direction do not
compensate for each other. Moreover, the individual
reluctance forces result in torques Ty.y and T,y around
the x and z-axis (Fig. 7). These must be covered entirely by
the linear bearing.

6. Optimisation of the force characteristics

Two parameters are introduced in order to optimise the
shape of the force characteristics: the skewing ratio fs and
the iron-magnet ratio fr. Their physica meaning is
illustrated in figure 8. Analogous to rotating permanent
magnet devices, skewing reduces the reluctance force but it
also reduces the obtainable net force. On the other hand,
reducing the iron width we, yields a higher net force,
because the flux density in the mover iron increases when
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Fig.8: Physical meaning of the skewing ratio f; and the iron-

magnetratio f;,.
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Fig.7: Reluctance forces and torques appearing in the double
motor arrangement, for a shift equal to half a pole
pitch.

the iron width decreases. Hence, a better performance is
obtained if skewing is combined with a decrease of the
iron width. The effect of both parameters is expressed in

terms of the flux linkage &
T
anad%
0

&(fs, fre) = ———=—=— (4)

JFnetd
0

and isplotted in figure 9 [7].

fs=0; fre

This figure is only valid if the current in the coil does
not yield saturation of the mover iron. Under this
condition, a still higher flux linkage can be obtained when
a further iron-magnet ratio decrease is combined with a
slight skewing ratio increase. However, to avoid a drop of
the flux linkage if higher currents have to be applied, some
margin is retained and both parameters are derived from
the present optimum in figure 9: fs=0.3 and f-. = 0.8. The
optimised characteristics are compared with the previous
characteristics in figure 10. The net force has a better
triangular shape than for the previous geometry, which is
advantageous for control purposes.

7. Dynamic simulation modelling

Next to the determination and optimisation of the force
characteristics, 3D finite element simulations are employed
to model the dynamic behaviour of the actuator. By
considering the magnetic equivalent circuit of the actuator,
it is illustrated in which way the inductance and the
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Fig.9: Flux linkage dependency on the skewing ratio f; and

the iron-magnet ratio f;,..
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Fig. 10: Position dependency of the components of the surface
force density, for the optimized geometry (bold line)
and for the geometry of figure 3.

back-emf are computed numerically. As a result, al
required parameters are known to perform a dynamic
simulation of the behaviour including the PWM-control
scheme.

A. Magnetic equivalent circuit

The magnetic field lines, forming a closed path, are
represented by the magnetic equivaent circuit (MEC) of
figure 11. Leakage flux is neglected in this study. If no
current is applied to the cail, a flux ¢o flows in the MEC,
corresponding to the operation point p, on the
demagnetisation characteristic of the NdFeB-magnets
(figure 12). The value of the flux ¢, depends on the
position of the mover. If the coail is driven by a current, the
operation point moves along the demagnetisation curve.
The resulting flux change A¢ depends on the mover
position, the sign and the magnitude of the current. The
flux ¥ linked to the coil then equals

v =N(0g+A0) (5)
with N the number of windings and L the inductance of the
coil. When a voltage u is supplied to the coil with a
resistance R, the following expression holds:

- dy
u=Ri+— . 6
ot (6)
Combining these formulas yields
u=Ri+L%+i%+N%
)

=Ri+ Lﬂ+iv$+ NV%
dt dx dx

with v the velocity of the mover.
B. Energy considerations

The inductance L of the coil, for a fixed position of the
mover, is computed by:

(Wt t — Wo)
L= 2°i—2 : (8)
The energy w, corresponds to the energy in the airgap due

to the presence of the permanent magnets. The energy Wiq
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Fig. 11:  Idealised magnetic equivalent circuit of the actuator.

is the energy in the airgap when a current is applied to the
coil. Both quantities are obtained from the 3D finite
element computation. It can be observed that the position
dependency of the inductance is very small. Thisis due to
the use of NdFeB-magnets, which in magnetic terms
behave like air, because their differential relative
permeability approximates unity. If eq. 8 is derived with
respect to the position, an equation relating dL/dx to Fg is
obtained:

dL_E(thot_%)

dax 2| dx dx
2
=i—2(Fmt—Fre.) : )
2
Fnet

i2

By considering the energy wy in the airgap due to the
presence of permanent magnets, a more relevant
expression for do/dx is obtained. From figure 12 it follows
that the flux density By and the field strength Hy in the
magnet are linear functions of a parameter o

By =(-0)B, . (10)

Ho=0H. , (11)

with B, and H. the remanent and coercive field
respectively. These equations only hold for magnets
having a linear demagnetisation characteristic, such as the
NdFeB-magnets considered here. The energy wp is
proportiona to the surface of the shaded area (figure 12).
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Fig. 12: Typical demagnetisation characteristic of NdFeB-magnets,



Hence
~0B|H|
: (12)
= Wy = o W)™
with wj™ the energy corresponding to the entire surface

below the demagnetisation curve in the second quadrant.
As the flux ¢g is the product of B, and the magnet’s
surface S, it follows that

doy  BS 1 dw
dx 2 W(r)nax . Wy . dx
(13)
B,S Fuy

C. Smulation scheme

Combining equation (7), (9) and (13) together with the
equation of motion for the mover leads to a coupled set of
differential equations, which describe the dynamical
behaviour of the linear actuator:

di
u=R+L—+ 2 Fra — —Fa ., (14
dt 2w l max ,WO
d?x dx
Frgg =M—+¢ —+ , 15
net dt2 Cf dt ( )

with ¢ the mechanical friction and k the mechanical
damping on the mover. Both equations consider one part of
the actuator. The last two terms in (14) represent a voltage
drop caused by the velocity of the mover and can be
considered as the back-emf. This formula is only valid as
long as no saturation occurs in the actuator. Equations (14)
and (15) can directly be implemented in a simulation
scheme for the controller design. The quantities F, Wp and
L only depend on the mover's position. The net force
depends on both, the position of the mover and the current
in the coil. These dependencies can be incorporated in the
dynamical simulation scheme by means of look-up tables.

8. Conclusions

The analysis of a linear transverse flux actuator for fast
positioning is presented. The transverse flux concept
alows for high force densities and a compact actuator
design. Powdered soft magnetic composite materials are
particularly interesting for this type of application. The
finite element method is applied to the 3D-model,
generated by solid modelling techniques. The solver
directly computes the stored energy in the model. The
forces are computed in a post-processing step, by further
improving the accuracy of the local field around the mover
using a local analytical solution of the Laplace equation.

To avoid zero-force positions, a second actuator is joined
and is shifted relatively to the first one over haf a pole
pitch. The resulting forces and torques have to be covered
by the linear bearings. It is shown that combining the effect
of skewing and iron width adaptation can increase the
obtainable net force. An analyticad model for the
dynamical behaviour of the actuator, based on a magnetic
equivalent circuit, is presented. The parameters of this
model are obtained by finite element computations.
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