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ABSTRACT Electromagnetic clutches are widely used devices in industrial applications when a torque must
be transmitted between two components without mechanical contact avoiding friction and so reducing wear
and maintenance time. Hysteresis clutches are a particular variant of electromagnetic couplers used when
a constant torque from zero to the synchronous speed needs to be transmitted. This paper deals with the
analysis, design and optimization of hysteresis clutches. After a brief introduction on the operating principle,
a new method of analysis is then introduced. The latter allows a fast prediction of the performance of
hysteresis couplers without sacrificing the accuracy of the performance evaluation even when adopting
anisotropic magnetic materials. The introduced method, based on a static finite element simulation followed
by a post-processing of the evaluated magnetic field, is then used within an automatic design procedure
in order to identify the inevitable trade-offs encountered when optimizing the geometry of any hysteresis
clutches with a given outer envelope. The obtained results are commented in-depth and allow to draw general
design guidelines with special regards to the selection of the number of poles and the magnetic materials.
The effect of the high level of anisotropy of the most common magnetic materials showing the highest energy
density is carefully taken into account allowing to deduce the optimal preferred direction of magnetization.

INDEX TERMS Alnico, design optimization, electromagnetic coupler, finite element analysis, hysteresis

clutch, hysteresis model.

I. INTRODUCTION

In many areas of engineering mechanical or electromagnetic
clutches are used in order to separate parts in relative motion.
Mechanical clutches are the most common solution, both in
automotive and industrial applications. These systems require
continuous maintenance and present a low efficiency [1].
Conversely the electromagnetic clutches are able to transmit
the torque without contact between the parts in relative
motion avoiding problems related with the wear, reducing
the mechanical vibrations and permitting a higher level of
misalignment between the coupled shafts [2]. As for electric
motors, it is possible to discern between synchronous and
asynchronous types of electromagnetic couplers. Hysteresis
clutches present an interesting feature because they are
capable of transmitting torque in both operating conditions
(i.e asynchronous and synchronous). The operating principle
of a hysteresis clutch is similar, but not identical, to a

hysteresis motor. The latter produces an electromagnetic
torque proportional to the hysteresis losses in the rotating
part of the machine, as first described by Steinmetz in [3].
The hysteresis motor is composed by a conventional slotted
stator hosting a distributed winding and a rotor made of a
ring of semi-hard or hard ferromagnetic material, such as
AlINiCo, sustained by a shaft which can be either magnetic
or non-magnetic. The drawbacks of this kind of electrical
machines are the really poor power density and power factor
and these are the reasons of their adoption only in niche
applications [4]. However, due to its simple rotor structure,
this kind of machine is attracting more and more attention
for applications with extremely high rotational speed [4] and
for applications requiring a self-starting capability [5]. A
hysteresis clutch, from a structural point of view, is composed
by two coaxial rings. Rare earth based permanent magnets
or electromagnets are housed on one of the two rings and
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constitute the magnetic field generator. The other ring is made
of semi-hard or hard ferromagnetic material and constitutes
the “hysteresis” ring. In the following, the inner ring is
considered to be made of NdFeB magnets, whereas the
hysteresis ring is made of AINiCo. The latter is the most used
one in hysteresis machines, due to its large hysteresis loop.
Many grades of AINiCo are available according to the value
of the coercive field. The lower grades (i.e 2, 3 and 4) are
unoriented, i.e. the magnetic properties are the same in all
directions. Higher grades (i.e 5, 6, 7, 8, 9) are anisotropic
so a preferred direction of magnetization/orientation exists.
While hysteresis motors are not widely used in industrial
applications, the hysteresis clutches are commonly used
along with the classic synchronous clutches. In the latter both
rings are made of an array of rare earth permanent magnets.
The different working principles of these two types of
clutches obviously lead to a completely different torque-speed
behavior. In fact, synchronous clutches produce torque
proportional to the sine of angular displacement between the
magnetic pole axis of the inner and outer rings only when the
speeds of both rings are the same. In asynchronous condition
the electromagnetic torque is on average zero but it is not
constant and features large oscillations. On the contrary,
hysteresis clutch produces the same torque from zero to
synchronous speed with a limited torque ripple [6].

The design of hysteresis motors and clutches has been the
subject of few contributions in the literature. Analytical ap-
proaches are reported in [7], [8] and they are based on approx-
imations of the problem formulation. Conversely, [9]-[11]
propose a numerical method based on finite element analysis
and vector hysteresis model, and use an iterative procedure to
calculate the hysteresis torque with really high computational
burden.

The first goal of this work is to present an accurate and fast
method of analysis of hysteresis clutches based on finite ele-
ment analysis and a post-processing of the evaluated magnetic
field in the hysteresis region. The method for the computation
of the machine performances was first proposed in [12] and
here is extended in order to consider the anisotropic behaviour
of the highest grades of AINiCo, i.e. the ones that usually
feature the highest energy density [13]. A design optimization
procedure employing the introduced performance evaluation
method is then proposed and used to obtain design guidelines
of hysteresis clutches. Particular attention will be posed to
the selection of the number of poles of the NdFeB ring and
the AINiCo grade since both have significant effects on the
optimal geometry and on the performances of a hysteresis
clutch. It will be shown the paramount importance of consid-
ering the anisotropic behaviour of the AINiCo when analysing
and designing hysteresis clutches. Disregarding such effect
would lead to incorrect performance estimation and more
importantly to sub-optimal design solutions.

The paper is organized as follows. The operating principle
of a hysteresis machine is described in Section II. In Section
III, a brief literature review is reported along with the method
for the computation of the machine performances. Section [V
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FIGURE 1. (a) Hysteresis clutch typical configuration, (b) operating
principle.

reports the design optimization procedure, whereas the op-
timization results are shown in Section V. Finally, the main
conclusions are summarized in the last section.

Il. OPERATING PRINCIPLE

In Fig. 1(a) is reported a typical hysteresis clutch. The inner
ring is composed by permanent magnets, whereas the outer
ring is made by hard ferromagnetic material (HFM). When
the inner ring starts rotating, a rotating magnetic field is es-
tablished in the airgap. Due to the hysteresis behaviour, the
flux density in the HFM lags behind the magnetic field, and
this shift angle between the magnetic field (H) and the flux
density (B) generates a torque. From a qualitative point of
view, the inner ring field generates poles on the outer ring.
These induced poles follow the rotating field and pull the outer
ring along, as shown in Fig. 1(b). The maximum torque, which
is also called pull-out torque [14], can be written as :

pV
Thys = ey BdH (D)

where p is the number of pole pairs, B is the flux density, H is
the magnetic field intensity and V is the volume of the HFM
region. The torque, which is the maximum one that the clutch
can transmit during synchronous operation, is ideally speed
independent in the asynchronous range (i.e inner ring speed
different with respect to the outer ring one). Nevertheless, in
reality the torque also depends on the slip, i.e on the differ-
ences between the outer and the inner ring speeds. In fact,
eddy currents arising in both rings generate a torque compo-
nent directly proportional to the slip. As a consequence, the
actual asynchronous torque is not constant with respect to the
slip and it decreases until the synchronous speed is reached.
Usually this speed dependent effect of the torque is neglected
(being at most 10% according to the electric resistivity of the
HEM, [15], [16]) either because it is numerically negligible
or because the design aimed at minimizing it. If otherwise,
the main benefit of this clutch type, i.e. the capability to
transmit constant torque within the speed range of interest,
would vanish. When the synchronous speed is reached, the
outer ring remains magnetized and the clutch behaves as a
synchronous clutch. Consequently, the synchronous torque is
load dependent. In particular, if the load torque is less than the
maximum one expressed in (1), the outer ring angular speed
will increase with respect to the inner ring until the torque,
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which depends on the shift angle, balances the load torque. In
this operating scenario, as pointed out in [15], if the applied
torque is smaller than the value expressed in (1), the involved
mechanical energy is not enough to change the magnetization
state of the HFM which behaves as a permanent magnet.
Conversely, if the load torque is higher than the maximum
one, the outer ring will decelerate until it stops and the torque
will remain constant. So, a hysteresis clutch can be defined
as a synchronous coupler if the load torque is less than pullout
value, whereas the clutch operates as an asynchronous coupler
if the load torque exceeds the same value.

IlIl. MODELING TECHNIQUE

A. LITERATURE REVIEW

In [7], [8], [17] analytical approaches to compute the perfor-
mances of hysteresis machines are proposed. These methods
are applied to idealized machines where no saturation effect
is considered and the hysteresis loops (i.e major and minor
loops) are modelled using elliptical or parallelogram shapes.
In addition, the dependence of the coercive force by the
operating point is not modelled whereas the permeability of
the magnetic yokes is assumed to be infinite and the flux
density in the hysteresis region is assumed independent of
the radius. These approaches are very useful to provide a first
approximation of the performances of the machine and so they
are usually followed by a FE simulation employed to refine
the performance evaluation. Most of the commercial available
FE software use a single value BH curve to perform the FE
analysis therefore the hysteresis losses are usually calculated
post-processing the magnetic field. Few FE suites, [18], [19],
take into account the hysteresis behaviour of the materials
within the FE evaluation allowing a direct and more precise
calculation of the hysteresis losses and related torque. The
first suite [18] uses the model presented in [20], whereas
the latter implements the Jiles-Atherton model [21]. Other
ways [9]-[11], [14] to determine the hysteresis losses/torque
consists in performing the finite element analysis with the
single value BH curve and post-processing the magnetic field
using hysteresis model, such as Preaich models [22], [23]
or Jiles-Atherton model in an iterative fashion. In particular,
in [9] a linear finite element analysis is performed initially
assuming an arbitrary permeability and magnetization in
each element of the hysteresis region. The maximum value
of the circumferential component of the flux density is then
extracted and the related hysteresis loop is constructed using
the Preisach model. Then, the operating point (i.e the actual
value of the magnetization and the magnetic field intensity)
is evaluated along with the updated value of the permeability
of each hysteresis element. A new FEA is then performed
and the procedure continues until a convergence criterion
is satisfied. Conversely, in [10], first a non-linear finite
element analysis is carried out. From the field solution, the
characteristics of an equivalent hysteresis loop of elliptical
shape are extracted and form the input of the steady-state
analysis aimed at finding the best inclined ellipse in various
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FIGURE 2. Flowchart of the proposed hybrid method for the torque
computation.

current levels based on the predetermined desired error.
Although all interesting, the main drawback of mentioned
methods is the high computational burden and the consequent
difficulty of being embedded in automatic design procedures.

B. PROPOSED METHOD OF ANALYSIS

Fig. 2 reports a flowchart of the implemented performance
evaluation procedure. The method is based on a non-linear
magneto-static FEA and a post-processing of the mag-
netic field in the hysteresis region (hereafter called hys-
teresis model). The finite element analysis, performed with
FEMM [24], does not implement a vector hysteresis model
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but uses a single value BH curve of each materials thus
allowing to relieve the computational burden respect to the
more complex FE implementation of vector hysteresis mod-
els. The implemented post-processing hysteresis model con-
sists in lookup table, in which the flux densities computed
by FEA (in the radial and circumferential directions) in the
hysteresis region are the input and the mean torque is the
output. The procedure depends on the type of the HFM and it
is necessary to discern between the isotropic and anisotropic
case.
e [sotropic case: the hysteresis region can be defined by its
non-linear BH curve in the finite element formulation (2)

B = f(H) 2)

where H is the magnetic field intensity in the hysteresis
region and B is the flux density in the hysteresis region.
The method needs only one magneto-static simulation,
which lasts at most 2 seconds and the post-processing
hysteresis model is the same both in the radial and in the
circumferential direction.

® Anisotropic case: the radial BH curve and the circum-
ferential one are different, as well as the post-processing
hysteresis models. Since FEMM does not allow to define
a non-linear anisotropic material, an iterative method
has been implemented. In the first iteration step, all the
elements of the hysteresis region are set to have a unit
relative permeability in the radial direction and in the
circumferential direction, ftyag and fiian (3)

Brag = [rad * Hrad
Bian = Man + Hian 3

where H;,q and Hy,y are the magnetic field intensities in
the radial and in the circumferential direction, whereas
B4 and By, are the flux densities in the same directions.
A linear finite element analysis is carried out and from
the field solution, the radial and circumferential compo-
nents of flux density (By,q and Byay) are extracted, as well
as the radial and circumferential components of the mag-
netic field intensity (Hyag and Hiap). The latter are then
used as input for their respective BH characteristics to
calculate the actual value of fi,qg and pian. The procedure
continues until a convergence criterion is satisfied.

In both cases (i.e. isotropic or anisotropic) a discretiza-
tion of the hysteresis region along the radial direction is per-
formed. From the final field solution, the maximum value of
the circumferential and radial components of the flux density
for each discrete radius of the hysteresis region is evaluated
and stored. Each of these values are the input for the hysteresis
model and are used to create the corresponding minor loops.
It is possible to carry out the calculation in this way because
during a full revolution of one ring respect to the other, the
hysteresis elements sharing the same radius will reach the
same saturation level. The other inputs of the hysteresis model
are the normal magnetization curve and the value of the coer-
cive field. From these data, it is possible to estimate all the
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FIGURE 3. Normal magnetization curve and anhysteretic curve.

minor loops for each value of the saturation level. From (4),
the actual value of the coercive field, which depends on the
saturation level, is computed:

= [ HM)(H, — Hy) if H > H, “
H+ %st if H<H;

where H is the value of the magnetic field intensity derived
from the magnetostatic analysis; given the normal magneti-
zation curve, H,, is the intercept of the tangential line at the
point of maximum permeability of that curve, H; is the value
of H at the point of maximum permeability, H, is the magnetic
coercive field at the maximum saturation level and H, is the
maximum value of H and H,,; is the value of H in the H,,-H
plane, where H,, is the value of H in the anhysteresic curve,
as shown in Fig. 3 . The black curve is the anhysteretic curve
and represents the relationship between the values of B in the
curve MTS and H,,. Byrs is expressed by (5), whereas H,
can be computed by (6):

) Mmax - (Hyr — H;))+ B, if H <H,
MTS = (5

f(Hrs) if H>H
Han = HMTS — AH
H; — H,
AH = HmS—MTS (6)
Hs _Hm

From the FE evaluated flux densities and from the actual
value of the coercive field, the corresponding minor loops are
computed creating a smooth curve passing through the points
(Hei, 0), (Hp, Hp), (—H,;, 0) and (—H,, —B)), as shown in
Fig. 4. The minor loops are computed according to the equa-
tions presented in [25] that not reported for the sake of brevity.
Clearly the accuracy of the results also depends on the proce-
dure used to calculate the minor loops. Finally, it is possible
to calculate the hysteresis energy for each component, radial
and circumferential, using (7):

(V) = r(1))

N
Wiad = Y Araa(k) - 27 - r(k) v

k=1
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FIGURE 4. Minor loops examples generated by the adopted hysteresis
model.

C(r@N) = r(D))

N
Wian = Y Awan(k) - 270 - r(k) ¥

k=1

)

where r(k) is the current radius of the hysteresis region, N is
the number of the considered radii, A,q(k) and A, (k) are the
areas of the hysteresis loops corresponding to the radial and
circumferential components of the flux density for a certain
radius k, and W is Ar. Then, the torque is calculated
as:

Ty = 2L @®)
" o
where n;, is the number of pole pairs of the machine and
W is the sum of W,,q and Wi,,. It is worth to underline that
the radial and the circumferential hysteresis models are the
same only in the isotropic case. Adopting this approach for the
performance evaluation, the computational time is minimized
without affecting the accuracy of the prediction as will be
shown in the next subsection.

C. SETTING AND VALIDATION OF THE PROPOSED METHOD
With the aim of analysing the influence of the radial dis-
cretization on the performance estimation adopting the pro-
posed method, a sensitivity analysis of a benchmark geometry
has been carried out and reported in this section. The same
geometry has also been analysed with a commercial FE suite
(Ansys Maxwell) which is able to perform a transient FEA
with a built-in vector hysteresis model. The simulated clutch
(similar to the sketch reported in Fig. 1(a)) features 16 poles
with the external diameter of 68 mm, whereas the hysteresis
region (of Alnico 9) radial thickness is 5 mm and NdFeB-PM
thickness is 3.5 mm. The geometry is meshed with approxi-
mately 26 000 nodes and 52 000 triangular elements.

As expected, the accuracy of the proposed procedure de-
pends on the number of radial regions in which the hysteresis
material is discretized, according to (7). A higher number
of radii will provide a better approximation for the integral
expressed by (9):

rn
Wiaa = 27 / Apad(r) - rdr
Ll
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TABLE 1. Comparison Between Performance Evaluation Methods

Method Average Torque [Nm]  Simulation time [s]
Simplified method 9.15 5
Proposed method 8.21 6
Transient method 8.19 900

r
Wian = 27 / Aan(r) - rdr ©)
r

where r; and r are the inner radius and the outer radius of the
hysteresis region.

Fig. 5 reports the average torque estimated by the proposed
method as a function of the number of considered radii in
the fields computation, superimposed to the average torque
computed by the commercial FE software. Clearly the cal-
culated torque reaches a plateau after the number of radii
exceeds 20. Around this level of radial discretization, the error
with the average torque calculated by Ansys Maxwell falls
within 1%. Similar results have been obtained by analysing
several other clutch geometries; they are not shown here for
the sake of brevity. Table 1 summarizes the results obtained
with the commercial FE suite and the proposed method along
with the related computational burden. There is a two or-
der of magnitude difference between the required simulation
times, while only 1% difference in terms of calculated average
torque. Consequently it would be impracticable to use such
time consuming performance estimation approach within any
design procedure. Table 1 also reports the torque estimation
obtained with the extremely simplified case of not carrying
out any radial discretization and considering the average value
of the flux density along the radial thickness of the hys-
teresis ring as the input of the hysteresis model. Although
computational-wise it is comparable, there is an error of 10%
in the estimation of the torque compared to the more refined
estimation achieved with 20 radial discretizations. It is worth
to underline the really good agreement obtained comparing
the proposed approach and the more time consuming FEA
of the commercial suite. The latter implements an improved
version of the vector play hysteresis model [26] which not
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FIGURE 6. Sketch of the adopted parametrization of the hysteresis clutch.

only provides a better estimation of the hysteresis when con-
sidering alternating flux, but it is also able to take into account
the effect of the rotating magnetic field on the hysteresis
phenomena. The proposed approach clearly disregards such
aspect during the torque computation being the radial and
circumferential components of the fields separately treated.
The validity of this assumption increases as the thickness of
the hysteresis ring decreases; in fact for small thicknesses of
hysteresis material, the magnetic field within this region can
be considered either radial or circumferential [15].

IV. PROBLEM STATEMENT

The low computational burden of the proposed method of
analysis, consisting in a magnetostatic finite element analysis
combined with a post-processing evaluation of the hysteresis
torque, makes this method suitable to be implemented within
an automatic design optimization procedure. The proposed
design procedure is applied considering a clutch whose exter-
nal diameter is set to 68 mm and its axial length to 31.5 mm.
The inner ring is made of NdFeB (N45SH) magnets and the
outer hysteresis ring is made of AINiCo 9. The goal of the
design optimization is to maximize the performances (i.e. the
torque 7,,) and minimize the magnets volume, in order to
reduce the cost of the device. The considered magnets volume
Vinag is simply the sum of the NdFeB (VyqF.p) volume and
the AINiCo volume (V;nico)- This two objective optimization
problem:

min(—75,, Vinag) (10)

is solved using a stochastic optimization algorithm, the
NSGA-II implemented in Matlab environment.

A. PARAMETRIZATION OF THE GEOMETRY

For the purpose of the fast evaluation of the mean torque, only
one pole of the machine (depicted in Fig. 6) is considered,
using anti-periodic boundary conditions. The geometric vari-
ables to identify are the split ratio, i.e. the ratio between the
airgap diameter and the outer diameter, the hysteresis region
radial thickness, the angular span of the NdFeB-PM, the shaft
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inset showing the dimension of the loop in the direction of low
permeability.

diameter and the NdFeB-PM radial thickness. The number of
pole pairs is not included among the parameters varied by
the optimization algorithm in order to avoid a mixed-integer
stochastic optimization; indeed a single optimization is car-
ried out for each value of poles in the range 10-30. These
bounds are selected according to mechanical considerations.
The geometry is parametrized in per unit in order to avoid
geometrically unfeasible solutions and add further constraints
and complexity to the optimization problem. In particular, the
hysteresis region radial thickness is expressed in p.u. of the
available space between the outer diameter and airgap diame-
ter. The angular span of the PM is in p.u. of the polar angle, the
shaft diameter is a portion of the airgap diameter while the PM
radial thickness is in p.u. of the available space between the
airgap diameter and the shaft diameter. The minimum radial
thickness of each component is set to 0.5 mm.

B. ALNICO EXPERIMENTAL CHARACTERIZATION

As previously mentioned AINiCo 9 is an anisotropic material
whose orientation is achieved via heat treatment, i.e. by
cooling it down from a temperature of about 1093°C at
a controlled rate, within a magnetic field which conforms
to the preferred direction of magnetization [27]. According
to the direction of the magnetic field during the heat treatment,
the ring of AINiCo 9 can show better magnetic properties
in the radial or circumferential direction. Fig. 7 reports the
complete measured hysteresis loops of the AINiCo 9 in both
directions. It can be clearly noticed the extreme level of
anisotropy featured by the material along with the negligible
dimension of the hysteresis loop area in the non-preferred
direction as shown in the inset of the same figure.

C. OPTIMIZATION PROCEDURE

The selected optimization algorithm, NSGA-II, belongs to the
class of biology-inspired and population-based optimization
algorithms. The initial randomly generated population evolves
throughout the generations by means of crossover and muta-
tion operators. The first one tends to focus on the most promis-
ing region of the research space, i.e. the solutions showing
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the best fitness while the second one tries to explore new
parts of the research space. The right balance between these
two mechanisms, affecting the trade-off between the explo-
ration and exploitation of the research space, determines the
effectiveness and convergence time of the optimization. The
adopted algorithm also shows good performances in terms
of finding a diverse set of Pareto optimal solutions [28]. Be-
ing five the number of geometrical variables to identify, a
population size of 50 individuals evolving for 50 generations
has been set leading to 2500 total functional evaluations per
optimization. For each functional evaluation, a magneto-static
finite element simulation is performed and the mean torque of
the machine is calculated with the procedure outlined in the
previous sections while the volume of the PMs is computed
analytically. The optimization was performed on a worksta-
tion with 1600 quad-core processor running at 3.50 GHz and
16 GB of RAM. The total computational time is approxi-
mately 3 hours for the isotropic case and 21 hours for the
anisotropic one. For the purpose of the optimal design, three
cases are considered: isotropic case, radial anisotropic case,
circumferential anisotropic case. The first configuration con-
siders a fictitious isotropic material described by a hysteresis
loop equal to that of the anisotropic AINiCo 9 in the pre-
ferred magnetization direction. The analysis of the fictitious
isotropic case is performed in order to make a comparison
between isotropic and anisotropic materials sharing the same
hysteresis loop area.

V. OPTIMIZATION RESULTS

A. ISOTROPIC CASE

The results of the optimizations, carried out for different
number of poles (from 10 to 30), are reported in Fig. 8 in
terms of Pareto fronts subdivided into two sub-figures for
the sake of clarity. As expected, the overall magnets volume
and the torque show a competitive behaviour, i.e. one cannot
improve without the worsening of the other. Unexpectedly
the torque is not always proportional to the number of poles
when considering the same external dimensions of the clutch
as in this case study. In fact, when considering low number
of poles (10-16), an increment of the latter always produces
an improvement of the performance, i.e. the same torque can
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FIGURE 9. Flux densities distribution with field lines of the optimal
solutions obtained considering an isotropic hysteretic material.

TABLE 2. Comparison Between the Optimal Clutches Designed With an
Isotropic Hysteretic Material

Case A B C D

Np 18 26 18 26
T [Nm] 756  7.00 | 3.05 447
Vinag [cm?] 308 308 | 139 139
VnNares [cm3] | 167 211 | 58 7.8

VaNico [cm3] | 141 9.7 82 6.1
Bavg [T] 1.3 1.2 1.1 1.3

be achieved with lower magnet volume or the same overall
magnet volume produces more torque. A rotation of the Pareto
front is then visible for poles ranging from 18 to 30. In other
words, an increment of the number of poles is beneficial in
the medium-low torque range whereas it is not convenient if a
solution producing a higher torque is selected.

Clearly, as the torque increases the optimal value of the
poles decreases. A qualitative explanation of this unforeseen
behaviour can be deduced analyzing the flux density distri-
bution of different clutches having the same overall magnets
volume but producing different torques. Fig. 9 reports a clutch
with 18 poles producing 7.5 Nm (A), and a solution with 26
poles providing 7 Nm (B). The same figure also reports two
other solutions (C and D) with a low value of average torque,
3.05 Nm (18 poles) and 4.47 Nm (26 poles) respectively.
The main characteristics of the selected clutches are shown
in Table 2. Let us analyze the first couple of selected clutches.
According to (1), the torque produced by the hysteresis clutch
is proportional to the AINiCo volume, the poles of NdFeB
and the integral ¢ BdH over the AINiCo volume. The selected
clutches share the same product between number of poles and
AINiCo volume but do not provide exactly the same torque.
This is mainly due to the different magnetic exploitation of
the AINiCo material in the two selected clutches. In fact, the
lower poles solution guarantees a slightly better exploitation
of the magnetic material being the maximum flux density
higher in this case with respect to the solution with 26 poles.
Conversely, comparing the solutions named C and D, the high
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FIGURE 10. Variables trend: isotropic case.

poles clutch allows a better exploitation of the magnetic mate-
rial with respect to the 18 poles one. In fact, the average values
of the flux densities in the hysteresis region are, respectively,
1.3 T and 1.1 T. It is worth to notice the opposite behaviour
with respect to the A vs B comparison.

These optimizations were performed considering a mag-
netic outer ring yoke. Analysing the geometrical parameters
of the obtained geometries can be inferred that all the optimal
clutches tend to have an outer ring yoke thickness very close to
the minimum allowed value (i.e. 0.5 mm). As a consequence,
the outer ring yoke is highly saturated and it behaves like
air and consequentially the flux paths in the hysteresis region
are mainly circumferential. It can be concluded that, dealing
with hysteresis clutches made with isotropic material, a non
magnetic yoke of the hysteresis region should be preferred.

The trends of the optimal variable as functions of the av-
erage torque and number of poles are shown in Fig. 10; in
the same figure, the optimal N, is reported in black for each
sub-figure. Analysing these figure, the following considera-
tions can be deduced.

® The split ratio increases as the number of poles increases

and as the torque decreases; this is due to the fact that
the outer diameter of the clutch is kept fixed during the
optimization.

® The angular span of the NdFeB magnets is globally

inversely proportional to the torque; for a given target
torque, it is independent on the number of poles, whereas
the higher the torque the higher NdFeB magnets height
(hpp—int)-
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FIGURE 11. Pareto fronts: radial anisotropic case.

® The radial thickness of the AINiCo region (fpy—ext),
which defines the AINiCo volume, shows the opposite
trend with respect to the split ratio. In fact, it increases
with the torque and decreases with the number of poles.

® The mean value of the circumferential flux density
(Bian—PMext) 1n the hysteresis region is higher than
the radial one, due to the saturation of the magnetic
yoke which forces the flux lines in the circumferential
direction.

® Being the AINiCo BH curve knee approximately 1.2 T,
the material reaches the saturation in the circumferential
direction, especially for low number of pole pairs. As a
consequence, part of the magnetic flux is in the radial
direction and this has a minor effect on the torque pro-
duction which becomes more evident in the high torque
range as will be discussed in Section V-D.

B. RADIAL ANISOTROPIC CASE

Fig. 11 reports the optimization results obtained consider-
ing the hysteresis material (AINiCo 9) with the preferred
direction of magnetization along the radial direction. Unlike
the isotropic case, there is no rotation of the Pareto fronts
with respect to the number of poles. As a consequence, the
torque increases monotonically with the number of poles.
The maximum torque is 6.8 Nm with a magnets volume of
3.2-10*mm?, so there is a torque reduction of 8.5% and a
volume increase of 40% with respect to the isotropic case.
Analysing the variables trend reported in Fig. 12 which shows
their contour plot, the following consideration can be done.

e The split ratio is globally torque independent and it is
proportional to the number of poles.

e For a given torque value, the number of poles has a
limited influence on the optimal angular span.

e The radial thickness of the NdFeB and AINiCo parts
show the same trend as in the isotropic case.

e Regarding the magnetic fields, since the preferred direc-
tion is the radial one, the circumferential flux density
is very low and it basically does not contribute to the
torque production. Conversely, the mean value of the
radial component is independent on the torque and it is
inversely proportional to the number of poles.
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saturation suggests a worsen magnetic exploitation of the T [Nm]
available space compared to the the isotropic case leading to
a reduction of the maximum achievable torque. FIGURE 15. Comparison among the optimal results achieved considering
isotropic and circumferential and radial anisotropic material.
C. CIRCUMFERENTIAL ANISOTROPIC CASE
Fig. 13 shows the results of the circumferential anisotropic * the mean value of the flux density in the circumferential

case. As for the isotropic case, a rotation of the Pareto fronts direction is bounded between 1 T and 1.3 T.

is evident in the 18-30 poles range. The maximum reached

torque in the circumferential anisotropic case is 7.5 Nm, with D. COMPARISON AND CONSIDERATIONS

a corresponding magnets volume of 3.5 - 10* mm?. Concern- ~ Starting from the Pareto fronts obtained in the previous sub-

ing the variables (Fig. 14), it is worth to notice that: sections, the overall front for each case has been determined

e the split ratio, the angular span of the NdFeB magnets and they are shown in Fig. 15 along with the optimal num-

and the radial thickness of the NdFeB magnets and the ber of poles. As previously mentioned, the radial anisotropic
hysteresis region globally exhibit the same trend of the case clearly shows worst performance respect to the other
isotropic case; two cases. The isotropic and circumferential anisotropic cases
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FIGURE 16. Flux density distributions with field lines of the optimal geometries producing the same torque (a, b, c) or having the same overall magnet
volume (d, e, f). Respectively a) and d) show the isotropic scenario, b) and e) the radial anisotropic ones while c) and f) the circumferential anisotropic

cases.

TABLE 3. Comparison Between the Selected Clutches

Case a b c d e f

Np 30 3 3 20 30 18
T [Nm] 4 4 4 745 567 693
Vmag [cm?] 2.1 201 121 30 30 30
Vndren [cm?] 7275 69 179 129 181
VAINico [em?] 49 125 52 121 170 119

1.47 059 133 147 076 152

VNdreB/VAINiCo

present the same behaviour in the low-medium torque range,
while differ for high torques. In particular the isotropic case
performs better respect to the circumferential anisotropic case
because, for higher torques, the flux density in the circum-
ferential direction reaches the saturation. At this point, in the
isotropic clutch, the radial flux density is exploited to increase
the torque, whereas in the anisotropic one, the radial flux
density does not produce torque and so the latter cannot be
increased. While for the radial anisotropic case increasing
the number of poles is always beneficial, this is not true
for the other two cases as shown in Fig. 15. In particular,
the optimal number of poles decreases as the target torque
increases for both isotropic and circumferential anisotropic
hysteretic materials. In addition, the optimal pole counts of
the isotropic case in the medium-high torque range is higher
respect to the circumferential anisotropic variant. The latter
behaviour is mainly due to the possibility of the isotropic ver-
sion to exploit also the radial component of the magnetic flux
density.

A number of clutches sharing the same torque (4 Nm) or the
same overall magnet volume (30 cm?) are analyzed in details.
Table 3 reports the main parameters of the selected geome-
tries. Fig. 16(a), 16(b) and 16(c) report the geometries and
the flux density maps for the three clutches sharing the same
average torque. It is worth to notice that the radial anisotropic
hysteresis clutch is far from being saturated differently than
the isotropic and circumferential anisotropic ones. Due to the
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geometric constraints, if the flux paths are mainly circumfer-
ential, the flux density in the hysteresis region increases with
respect to the radial case. In fact, for a given magnetic flux
passing through the airgap, the section of the hysteresis region
crossed by the flux lines increases in the radial anisotropic
case. So, the flux density, which is inversely proportional to
the section, decreases. Considering the same external diam-
eter, radial hysteresis clutches need a non saturated external
yoke and a bigger hysteresis region leading to a smaller airgap
radius with respect to the circumferential cases. This produces
a further torque reduction. As a consequence, to reach the
same torque the AINiCo volume of the radial clutch is al-
most doubled with respect to the isotropic and circumferential
cases, whereas the NdFeB volume barely changes. Analysing
the quotas of the NdFeB and the AINiCo volumes in the three
cases, it can be inferred that for optimal radial clutches the Al-
nico quantity is higher respect to the NdFeB one; the opposite
happens for the other two types of clutches. Fig. 16(d), 16(e)
and 16(f) report the geometries and the flux density contour
plots for the three selected clutches sharing the same magnets
volume. For the considered overall magnets volume, the radial
clutch presents a torque reduction with respect to the isotropic
and circumferential ones equal to 25% and 18%, respectively.
In this case, the above reported consideration regarding the
Vnares to Vainico ratio are even more evident as reported in
the last row of Table 3. Consequentially it can be stated, that
in order to improve the performances of a radial flux type
hysteresis clutch is better to have a higher AINiCo volume
respect to the NdFeB one. This is mainly due to the fact that
once the maximum value of the flux density in the hysteresis
region is reached, a further increment of the NdFeB volume
does not produce a significant torque improvement. The same
does not hold for the isotropic or the circumferential flux
clutch topologies where the overall magnet volume is mainly
made of NdFeB.

The optimization results can be used to draw design guide-
lines for hysteresis clutches; in fact according to the type of
the HFM (i.e isotropic or anisotropic) the following consider-
ations can be drawn.

267



GALLICCHIO ET AL.: ANALYSIS, DESIGN AND OPTIMIZATION OF HYSTERESIS CLUTCHES

e For a given area of the hysteresis loop, an isotropic
material performs better than an anisotropic one. How-
ever, isotropic materials usually show a smaller hys-
teresis loop with respect to the anisotropic ones. For
example, the coercive field of AINiCo 4 (which is one
of the strongest isotropic AINiCo) is 57 kA/m, whereas
the one of the AINiCo 9 is 109 kA/m. Consequentially
the optimal performance achievable with a real isotropic
Alnico will be worse respect to the ones shown with the
blue line in Fig. 15.

e If the HFM is isotropic, the outer yoke must be non-
magnetic in order to force the flux lines in the circum-
ferential direction. This lead to an improvement of the
torque for a given outer envelope.

e [f the HFM is anisotropic, in order to increase the aver-
age torque, the preferred magnetization direction should
be the circumferential one.

® The number of poles is not always proportional to the
torque but depends on the hysteresis clutch type. Radial
type hysteresis clutches feature a direct proportionality
between torque and poles, whereas this does not hold
for the other types of analyzed clutches. This behaviour
can be explained by the different magnetic exploitation
of the available space of the three considered topologies.
The radial type ones never reach the saturation of the
hysteresis region, therefore their working points lie al-
ways in the linear region. The other two topologies easily
reach the knee of the BH curve of the HFM and so, after
a certain point, an increase in the poles number does
not produce a torque improvement. This result is more
evident analyzing Fig. 15 which also reports the optimal
pole counts as function of the torque.

® The Vygres to Vainico ratio should be less than one if a
radial flux type hysteresis is considered, whereas a ratio
greater than one is preferable in a circumferential flux
hysteresis machine.

VI. CONCLUSION

This paper has presented an accurate and fast method of de-
sign and analysis of hysteresis clutches. The proposed ap-
proach to the analysis does not require the implementation
of complex hysteresis models and it is applicable both to
isotropic and anisotropic materials. It is constituted by a
magneto-static FE simulation followed by a post processing
of the magnetic field in order to evaluate the average torque.
The low computational burden and the ease of implemen-
tation make the proposed technique suitable for automatic
design optimization. The proposed procedure has been im-
plemented via an open-source FE software and the Matlab
platform therefore it does not require commercial FE solvers.
A comprehensive design procedure aided by stochastic opti-
mization algorithms has been outlined in order to maximize
the average torque and minimize the magnets volume for a
given outer diameter and axial length. Several optimizations
have been performed considering different number of poles
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and magnetic material properties including the preferred di-
rection of magnetization of the hysteretic material. Analyzing
the output of the multi-objective optimization, i.e. a set of
non-dominated solutions, it has been possible to draw general
design guidelines of hysteresis clutches.
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