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Improvements in high energy density rare-earth permanent magnets make it innovative to develop mag-
netic couplings for Starter/Generator applications in the light of more electric aircraft to ensure magnet-
ically insulated contactless power transmission between decoupled shafts for safe operation. Although
there are essential studies on magnetic couplings in the literature, especially those for aerospace
Starter/Generator structures are rarely encountered. However, methodologies considering system con-
straints and examining design parameters of couplings are in demand. In response to such a need, this
paper proposes the novel design of highly reliable synchronous radial magnetic couplings with torque
requirements of 6 and 12 N�m to isolate Starter/Generator and piston engine shafts in model aircraft.
The preliminary volume is obtained analytically. Simulations are executed by optimetric approaches in
Ansys Maxwell 2D. Optimisation techniques are compared in Maxwell 3D to get the final shape. The
retaining sleeve of 0.5 mm is suggested. Loss of synchronisation in the event of the piston shaft failure
or exceeding the maximum torque of the coupling is also examined. The torque fluctuation at load
changes is 0.1%. Performance tests are conducted on the direct dynamic test bench. Absolute error margin
is 37% for the Virtual Work method, 13% for 2D FEM and 6% for 3D FEM. The coupling efficiency is 93.8% at
the maximum operating speed and the critical angle, and 96.9% at the minimum torque angle and the
minimum operating speed.
� 2023 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In recent years, the desire for rapid developments in the avia-
tion industry to increase efficiency and safety has started the more
electric aircraft initiative [1]. In this sense, piston-engined
Unmanned Aerial Vehicles (UAVs) need renovation to use more
efficient electrical systems that will increase reliability and endur-
ance, avoiding heavy mechanical mechanisms. This modernisation
makes it necessary to integrate Starter/Generator structures into
developing aviation systems.

Piston Engines (PEs) which are prevalent in propulsion systems
and require the first actuation movement, are internal combustion
engines that convert heat energy into motion energy. A Starter/
Generator (S/G) is a unique and efficient rotary electric machine
in which the same device can operate as both a motor and a gen-
erator so that the piston engine is driven first in motor mode,
and the battery group is charged in generator mode while cruising
[2]. The S/G is capable of an out-runner or in-runner rotor topology,
depending on the application [3].

Unfortunately, in conventional systems, due to the propeller
being connected directly to the piston engine, any shaft failure
causes the aircraft to crash. Significant efforts to prevent these
damaging situations have led to the use of Magnetic Couplings
(MCs) both for noncontact torque transfer and to magnetically iso-
late the shafts of the PE and the S/G. In this way, in case of any mal-
function, the S/G will operate in motor mode, ensuring a safe
landing of the aircraft on the ground.

The MC consists of inner and outer rotors, Permanent Magnets
(PMs), and a retaining sleeve as the main parts, while the subparts
are the case, shaft, static seal shrould, and flanges. It is classified
according to the interaction type of the magnetic field [4], as
shown in Fig. 1.

Synchronous magnetic couplings, as shown in Fig. 1(a), have
permanent magnets inserted on both sides or one half-side. In con-
trast, asynchronous magnetic couplings only have PMs on one side
and conductive or hysteresis material on the other, as shown in
Fig. 1(b). Unlike eddy current and hysteresis couplings,



Fig. 1. Coupling types of (a) Synchronous (active) (b) asynchronous (eddy current).
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synchronous couplings have no slippage between the inner and
outer rotors. Further classification as the magnetisation direction
of permanent magnets is carried out as radially magnetised and
axially magnetised.

Recently, a significant amount of work has been done on mag-
netic coupling design in different ways. These studies come across
two different approaches, analytical and numerical.

Yonnet et al. [5] developed an analytical method for torque cal-
culation of synchronous couplings based on the forces between
permanent magnets. Ravaud et al. [6] offered analytically
approached three-dimensional expressions for optimising perma-
nent magnet couplings based on the Coulombian model. Choi
et al. [7] showed the torque analysis and measurements of cylindri-
cal air–gap synchronous permanent magnet couplings based on
analytical magnetic field calculations. These studies have not com-
paratively investigated the coupling parameters affecting the
transmitted torque.

However, numerical methods using finite elements [8–10] pro-
vide more realistic solutions, although they extend the solution
time. Therefore, they are more efficient in achieving the optimum
design and the applicability of optimisation techniques. Baiba-Ose
and Vladislav Pugachov [11] investigated the influence of perma-
nent magnet width and the number of pole pairs on the mechani-
cal torque of magnetic couplers. Sun et al. [12] presented a
computational model for cylindrical permanent magnet couplings
based on the magnetic field division method, considering both
the skin effect and the working point of the permanent magnet.
Meng et al. [13] parametrically analysed and tested a 3D analysis
model for calculating the torque of radial magnet couplers based
Fig. 2. (a) 3W-70R2 piston engine flange (b)
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on the Coulombian model. Guoying Meng and Yaohong Niu [14]
simulated the transient magnetic field for permanent magnet cou-
pling in different states using Ansys Maxwell 3D software. How-
ever, these studies lacked multiapproach examinations of the
design parameters. Structural conditions have not been studied.
Nevertheless, the retaining sleeve effect and design have not been
investigated.

In addition, study [15] compared different magnetic coupling
types. At the same time, axially magnetised coupling [16] was per-
formed. Recently, a magnetic gear study has been reported [17] to
replace mechanical gears, which takes magnetic coupling technol-
ogy one step further. Furthermore, inspired by magnetic gears, a
magnetic gear-integrated permanent magnet machine [18] has
been proposed. The idea of hybrid coupling [19] was developed
using magnetic couplings of different topologies in a single struc-
ture. In these studies, a static torque test was not performed
depending on the torque angle.

Although only a few, the availability of guiding magnetic cou-
pling studies for aerospace applications has also been reported
[20–24]. Charpentier et al. [25] studied ironless permanent magnet
devices as both a coupling and an axial bearing based on magnetic
charge theory for naval propulsion. Bojoi et al. [26] examined the
advantages, constraints, and drawbacks of the more electric engine
through a comparison between radial and axial flux PM machines.

However, application-based studies still need to be improved
due to the necessity of specifically designed magnetic couplings
where design criteria are considered, although some market prod-
ucts are available.

In this study, FEM-based optimal design and verification of cus-
tomised radial synchronous magnetic couplings are carried out
specifically for the model UAV equipped with a 3W-70R2 piston
engine, which is shown in Fig. 2(a). The system limitations and
constraints are considered in the design steps. The synchronous
MC is intended for one-to-one speed requirements. The radial type
is preferred among synchronous types due to cylindrical shaft
motion. The whole system model includes the outer rotor yoke
(1), outer rotor permanent magnets (2), retaining sleeve and air
gap (3), inner rotor permanent magnets (4), inner rotor yoke (5),
stamp (6), piston engine shaft (7,8), piston engine stationary body
(9) and S/G parts (10), as demonstrated in Fig. 2(b).

The main contribution of the paper is to cover the lack of design
methodologies for the use of magnetic couplings in aerospace Star-
ter/Generator applications by examining the multiobjective design
system model with magnetic coupling.
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parameters and experimental results in a regular, systematic, and
detailed way under a single study. Exploring negative torque to
reveal the opposing force in the loss of synchronisation increases
the novelty of the paper and sets it apart from other studies. Thus,
such negative torque could be considered a safety factor in critical
applications such as military aviation. Correction factors for both
analytical and numerical methods are proposed separately as a
result of the correlation of all the data obtained to achieve good
accuracy. This study is notable for the design of a retaining sleeve
for the inner rotor of the magnetic coupling.

There are four main contents of this study. Section 2 discusses
the design criteria for synchronous radial magnetic couplings.
The rotor topologies, materials, and coating types of PM are inves-
tigated. The design analyses are considered in detail in Section 3.
The models are fully parametrised. Modular design is offered due
to outer diameter limitation. Initial sizing is obtained by analytical
calculations based on the Virtual Work method. The effect of rotor
yokes, magnets, number of poles, and model length is investigated
with magnetostatic and transient analyses. Finite Element Analy-
ses (FEA) are performed in Ansys Maxwell 2D with optimetric con-
vergence approaches. The design parameters are then optimised in
Maxwell 3D using SNLP, GA, and MOGA techniques. Section 4 pre-
sents the experimental results. A direct dynamic test system [27],
specially set up for the proposed magnetic couplings, allows static
and dynamic performance investigations to be carried out pre-
cisely. Unlike other studies, the static torque depending on the tor-
que angle obtained numerically and experimentally contributes to
creating a torque transmission capability map of the coupling.
Although the experimental outcomes significantly differ from the
analytical results, they are in agreement with the FEM outputs.
Finally, the results and evaluations are presented in Section 5.
Fig. 3. SMM types (a) curved bottom arc (b) chord arc (c) flat bottom arc (d) bread
loaf.
2. Design criteria

Magnetic couplings have significant advantages, such as less
maintenance, magnetically isolated protection against overloads,
and high tolerance to misalignment between rotors [28]. Most
Starter/Generator applications generally have their own limita-
tions. However, typically, the requirement for higher torque den-
sity or minimum weight in aviation requires active synchronous-
type couplings. The design constraints of the model are listed in
Table 1.

The need for the ability to compensate for disturbances such as
sudden G-turns and weather-related overloads requires considera-
tion of safety and correction factors. Thus, with the initial selection
of safety factor 1.25, correction factor 1.2, and turbulence coeffi-
cient 1.1, the required maximum torque for MCs is updated to
10 N�m and 20 N�m, respectively. The maximum torque is also
called the pullout torque [13].

On the other hand, the air gap length for analytical and numer-
ical designs is set to 1 mm, excluding the thickness of the retaining
sleeve, considering the production capability and the need for
sleeve assembly.
Table 1
Design constraints of the magnetic couplings.

Parameter Value

Maximum torque for MCs, required 6 N�m/12 N�m
Rated operating speed 4000 rpm
Operational speed range 2000 rpm–6000 rpm
Outer rotor outer diameter

limitation
74 mm

Maximum model length for MCs 15 mm (for 6 N�m)/25 mm (for
12 N�m)

Total model weight of MCs, max 250 gr (for 6 N�m)/500 gr (for 12 N�m)
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2.1. Topology determination of permanent magnets

The necessity of magnetic couplings with relatively high speeds,
precisely balanced, easily assembled, lower inertia, and better
dynamic response characteristics leads to the choice of a radially
oriented permanent magnet topology rather than an axially ori-
ented topology.

Various viable rotor topologies with inherent advantages can be
realised [29]. However, due to the ease of fabrication and the need
for convenient assembly, a surface-mounted magnet (SMM) with a
curved arc type is selected among the feasible options, as shown in
Fig. 3.

The outer rotor of the MC, as shown in (1) in Fig. 2(b), is also the
rotor of the S/G due to the direct connection of the MC between the
PE and S/G shafts, as shown in Fig. 4. This feasibility offers mechan-
ical rigidity without the need for a mounting case for the magnetic
couplings, resulting in reduced weight and elimination of torsional
loads.

All given dimensions have been verified since the MCs have
been prototyped and tested. The objective function is the parame-
ters of MCs with a minimum weight in manufacturable tolerances
that meet the requirements defined by the UAV manufacturer.
2.2. Considering the smallest number of poles

The smallest number of poles at which MCs with surface-
mounted PMs can operate properly is 2p = 2, where 2p is the num-
ber of poles. Increasing the number of poles until a number where
high leakages dominate the system will increase the maximum
torque [30], but this increase will be limited depending on the per-
missible outer diameter, operating speed and mounting holes of
the coupling.
2.3. Investigation of coupling materials and coating types of PMs

The core materials of the rotors should be selected according to
four primary qualifications: saturation level, core losses [31–33],
Fig. 4. Connection of magnetic coupling between shafts of PE and S/G.
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cost, and manufacturability. Rotor materials that can be used in an
industrial sense are Nongrain or Grain Oriented Electric Steel (ES),
Carbon Steel (CS), Magnetic Stainless Steel (SS), and Alloy Metals
(AM). Although oriented steels have higher magnetic permeability
and lower core losses, their commercial availability in sheets com-
plicates their cost and reproducibility. Magnetic stainless steel has
lower iron losses and saturation points than carbon steel, but all
have similar mass densities. Due to the difficulty of SS and AM in
terms of mechanical structure and manufacturability, Steel 1020
is chosen as the rotor material.

Applicable PMs are ferrites, alnicos, and rare-earth magnets,
Nd-Fe-B and Sm-Co. Sm-Co magnets work better at higher temper-
atures than others and in more abrasive environments. Nd-Fe-B
has a much stronger magnetic field with the highest B-Hmax. It is
cheaper than Sm-Co and is produced up to thermal class AH
(230 �C). Nd-Fe-B is becoming predominant in magnetic couplings
due to its high energy density and the absence of a strict temper-
ature constraint associated with the high operating altitude. Neo-
dymium N48H is preferred considering manufacturing and
accessibility for design studies. Considering the worst-case condi-
tions and cooling method, dynamic and static simulations are per-
formed at 60 �C and 80 �C, respectively.

However, the retaining sleeve is crucial in protecting the PMs
against centrifugal forces at high speeds. Materials such as non-
magnetic steels, carbon fibre, glass fibre, titanium, Inconel, carbon
graphite, and reinforced plastics can be used [34]. The nonmag-
netic stainless steel sleeve is one of the preferred materials due
to its ease of access.

This study aims to investigate the effects of all design parame-
ters of active synchronous magnetic coupling, which provides flex-
ible and safe use in aerospace applications. The dimensioning of
the retaining sleeve in terms of its compatibility with the rest of
the design was determined accordingly. However, it was not used
in dynamic tests due to material supply constraints and production
difficulties in prototyping. Therefore, although it is introduced in
the Maxwell model, it is not used in the analysis unless otherwise
stated. The effect of the sleeve material on loss and torque was also
analysed and investigated.

On the other hand, Nd-Fe-B magnets are usually coated against
corrosion and rust since they are not inherently corrosion-
resistant. The coating also prevents the reduction of the magnetic
field caused by the volume loss of the magnet alloy material. Var-
ious types of coatings include nickel, zinc, gold, epoxy, plastic, and
Teflon. However, the most common type is epoxy for aviation, as
marked in red in Fig. 5.

The unique design ability of MCs enables their use in many
other industrial areas, such as process engineering [35], water
management [36], hydraulic applications [37], compressors and
pumps [38].
Fig. 5. Nd-Fe-B coating/plating [see https://www.amazingmagnets.com].
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3. Design analyses

Analytical methods are a fast design tool, although they suffer
from lower accuracy [5]. Therefore, they are more helpful in esti-
mating initial dimensions. On the other hand, Ansys Maxwell 3D
FEA handles three-dimensional electromagnetic fields and elimi-
nates the use of experiential factors but needs a long solution time.
Maxwell 2D FEA provides a faster solution time than Maxwell 3D
but neglects the end leakage effects that increase the error. More-
over, a practical constant called the correction factor has been pro-
posed as the basis of the aspect ratio [39,40] at the beginning of the
design to consider errors.

There are some methods for the analytical computation [41,42]
of force or torque exerted on the permanent magnets in the inner
or outer rotor. Although the subject of the study is based on FEM
design, it is essential to reveal the relationship with the analytical
results.

Virtual Work based analytical calculations are more efficacious
and faster than Maxwell stress tensor and Coulombian methods.

3.1. Analytical results

The exerted force on a single-pole is calculated by the Virtual
Work [43] principle as in Eq. (1) based on the stored energy change
in the air gap due to the small axial displacement between the
poles. Similarly, the torque can be calculated if the axial displace-
ment (x-dx) in the equation is changed with angular displacement
(h-dh).

Fsin gle pole ¼ dW
dx

¼ Bg1
� �2 Vag

� �

2l0 x� dxð Þ ; T ¼ dW
dh

ð1Þ

where

Fsingle_pole: force exerted on a single-pole (N)
dW: change in stored energy in the air gap (J)
Bg1: effective air gap flux density (T) – [the 1st component]
Vag: air gap volume (m3)
l0: free space permeability (4*pi*10^-7 H/m)
x: pole arc length (m)
dx: small displacement distance of a pole (m)
T: torque exerted on a single-pole (N)

However, if the force acting on a pole and the small displace-
ment distance are known, the required air gap volume is found
together with the assumption of the air gap magnetic flux density,
which is initially chosen as 0.6 T to keep PMs away from demag-
netisation. Hence, the analytical calculations summarised in Table 2
are based on the critical angle, in which case (x-dx) is directly
equal to dx and similarly (h-dh) is directly equal to dh. h and dh
are the mechanical angle of a pole and small angular displacement
in radians, respectively.

Fig. 6 shows the parameter definitions for the Virtual Work cal-
culations. The air gap volume is the volume between the inner
diameter of the outer rotor and the outer diameter of the inner
rotor.

If the inner rotor is to be mounted directly on the piston engine
shaft, the inner diameter of the inner rotor (rin) can be at least
42 mm, as shown in Fig. 2(a). The effective air gap is the middle
of the air gap. The effective air gap radius (reffective) is convention-
ally used in place of the inner or outer magnet radius in analytical
calculations of force or torque on the rotors, as shown in Fig. 6.
Considering the thickness of the inner rotor yoke and magnets,
as shown in Fig. 2(b), reffective is initially selected as 30 mm. The
thickness of the sleeve is experientially assumed to be 0.5 mm.
Accordingly, the total air gap clearance with the air gap is



Table 2
Analytical calculations for initial sizing.

Virtual Work Method

Output

Analytical Virtual Work

Method

8-pole 10-pole

Air gap volume, required 3427 mm3 2192 mm3

Length of the model, required 12.12 mm 7.75 mm
(x-dx), equals dx at critical angle 11.78 mm 9.42 mm
(h-dh), equals dh at critical angle 0.3925 rad. 0.314 rad.
Critical angle 22.5 (Mdeg) 18 (Mdeg)
Force on EAG based on a single pole 41.67 N 33.33 N
Total force on EAG based on total pole number 333.33 N

Preliminary Design Assumptions

Effective air gap radius 30 mm
Average air gap flux density 0.6 T
Air gap length/Retaining sleeve thickness 1/0.5 mm
Pullout torque, required 10 N�m
Magnet grade N48H-

60deg

Fig. 6. Parameter definition for Virtual Work method calculations.

Fig. 7. Definition of (a) Mesh distribution (b) pole embrace and pole arc offset.

Fig. 8a. Pullout torque in outer diameter and length.
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1.5 mm. Thus, the corresponding inner rotor outer diameter and
outer rotor inner diameter are found to be 29.25 mm and
30.75 mm, respectively.

The critical angle (hcritical,Mdeg) [44–45], calculated as in Eq. (2),
is the angle at which pullout torque is obtained and corresponds
to the electrical angle (hEdeg) of 90�. Mdeg and Edeg represent the
mechanical and electrical degrees, respectively. (2p) is the total
number of poles. h and hcritical are 36 Mdeg and 18 Mdeg for 10-
poles, and 45 Mdeg and 22.5 Mdeg for 8-poles, respectively. The
corresponding h and dh at the critical angle in radians in Fig. 6
are 0.628 and 0.314 for 10-poles, and 0.785 and 0.3925 for 8-
poles, respectively.

hcritical;Mdeg ¼ 360
�

ð2pÞ � 2 ; hEdeg ¼ ð2pÞ
2

� hMdeg ð2Þ

Similarly, the pole arc-length and small displacement distance
at the critical angle are found to be 18.85 mm and 9.42 mm for
10-poles, and 23.56 mm and 11.78 mm for 8-poles, respectively.
On the other hand, the total force is the force exerted on the Effec-
tive Air Gap (EAG) used to calculate the force on the rotors in light
of the total number of poles. Since the required torque is 10 N�m,
the ideal total force is calculated as 333.33 N by determining the
reffective. Hence, the force exerted on a single-pole is 33.33 N for
10-poles and 41.67 N for 8-poles, respectively. The respective air
gap volume is calculated as 2192 mm3 for 10-poles and
3427 mm3 for 8-poles. Thus, the required model length is found
to be 7.75 mm for 10-poles and 12.12 mm for 8-poles, as seen in
Table 2.
5

3.2. Maxwell 2D magnetostatic optimetric design based on FEA

Maxwell 2D solutions are based on optimetric assignments and
sensitivity tools. The magnetic coupling model is fully parame-
terised for multiparameter analyses to explore the effect of vari-
ables. FEM is a powerful and precise tool for calculating the
transferrable maximum or pullout torque at the critical angle.
Maxwell 2D becomes error-reduced by close to 10% by applying
more mesh in critical areas such as the air gap, as shown in the
model mesh distribution in Fig. 7(a). Maxwell 2D analyses are con-
sidered in the solution type of transient in the dynamic state and
magnetostatic in the static state.

Fig. 7(b) illustrates the pole embrace and offset, which are set to
0.98 and 0, respectively, for ease of assembly and manufacturabil-
ity needs. Embrace is defined as the ratio of pole arc to pole pitch,
while offset defines the concentricity of permanent magnets.
3.2.1. Investigation of pullout torque in outer diameter and length
Design sizing should start from the outer rotor towards the

inner rotor, unlike the conventional method, due to outer rotor
outer diameter limitations. In Fig. 8(a), the coupling length and
the outer rotor outer diameter are varied to explore the pullout
torque. The outer rotor assignments range from a maximum possi-
ble outer diameter of 74 mm to a minimum possible outer diame-
ter of 66 mm at the critical angle based on the number of poles 10.
The coupling length varies between 9 mm and 13 mm. The torque
density depending on the outer rotor outer diameter at a coupling
length of 10 mm is analysed in Fig. 8(b).

In Figs. 8(a) and 8(b), the thicknesses of the PMs, rotor yokes,
retaining sleeve and air gap length are set to 4 mm, 4 mm,
0.5 mm and 1 mm, respectively. The minimum possible inner
diameter of the inner rotor is 31 mm, considering the mounting
points. The minimum corresponding outer diameter of the inner
rotor yoke is 39 mm and the inner diameter of the outer rotor
PMs is 50 mm. However, since the maximum torque density is
obtained at the maximum outer rotor outer diameter, as shown



Fig. 8b. Torque density depending on the outer diameter of the outer rotor.
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in Fig. 8(b), an outer diameter of 74 mm and a corresponding
length of 10 mm are chosen.

On the other hand, keeping the outer diameter of the outer rotor
close to the limits contributes positively to the operation of the pis-
ton engine by increasing the mechanical strength and flywheel
effect.

3.2.2. Determination of PM thickness based on the static pullout torque
Static torque refers to the torque of the MC in the locked-rotor

state, also called locked-rotor torque. Fig. 9 examines the static
pullout torque corresponding to different thicknesses of inner
and outer rotor permanent magnets. It is observed that the
required torque can be achieved at different magnet thicknesses.

However, a thickness of 4 mm is preferred for the inner and
outer permanent magnets, as marked in red in Fig. 9, where the
required torque is provided with ease of assembly and
classification.

3.2.3. Investigation of locked-rotor torque depending on torque angle
The torque angle is expressed as the mechanical angle between

the inner and outer rotor d-axes at the time the magnetic coupling
is being loaded. It defines transferable torque by the magnetic cou-
plings and determines the overload capacity of the system. Fig. 10
explores the locked-rotor torque depending on the torque angle
variation.
Fig. 9. Static pullout torque with respect to changes in PM thickness.

Fig. 10. Locked-rotor torque depending on torque angle.
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The maximum torque of 10.15 N�m is obtained at the critical
angle, satisfying the torque requirement of the design. Magnetic
couplings are expected to operate close to the point of critical angle
to achieve high torque density. However, in this case, any turbu-
lence may cause the coupling to be out of synchronisation. In avi-
ation, the pullout torque should be provided slightly below the
critical angle, or coefficients should be determined that consider
turbulence effects.

3.2.4. Determination of the thickness of rotor yokes
The thickness of the rotor yokes directly affects the torque as it

changes the average air gap flux density by affecting the total
reluctance. In addition, due to the outer diameter limitation, the
rotor yokes determine the effective air gap radius, which affects
the torque density by varying the inner and outer rotor diameters.

The thicknesses of the outer and inner rotor yokes are found to
be 3.5 mm and 3 mm, respectively, as marked in red in Fig. 11 since
the minimum thickness of the rotor yokes meeting the pullout tor-
que requirement results in the minimum coupling weight. On the
other hand, in yokeless design, where the use of magnetic materi-
als is prohibited, the same torque can only be achieved with
thicker PMs.

The magnetic flux density and the magnetic flux distribution
are investigated in Fig. 12(a) and (b), respectively. Further efforts
would be adopted for the embrace and magnet housing to reduce
leakage fluxes, as marked in red in Fig. 12(b). However, the yoke
materials of Steel 1020 could be utilised better than the electrical
steels for rotor yokes in magnetic coupling applications due to its
high saturation level of 2.5 T. Working at saturation points does
not always mean higher torque density, but it can mean the lowest
weight. Thus, the air gap flux density at no-load and full-load con-
ditions is analysed in Fig. 13. It decreases as the coupling is loaded
but is far from the point of PM saturation.

3.2.5. Investigation of the model length of magnetic coupling
Due to the outer diameter limitation, the length must be

increased to obtain higher torque, allowing modular operation. A
Fig. 11. Pullout torque with respect to changes in rotor yoke thickness.

Fig. 12. (a) Flux density of rotor yokes (b) flux distribution for the 10-pole
configuration.



Fig. 13. Air gap flux density distribution at no-load and full-load.

Fig. 14. Pullout torque depending on coupling length.

Table 3
Properties of Steel316L used in analytical design of retaining sleeve.

Mass density 8000 kg/m3

Tensile strength, ultimate/yield 515/205 MPa
Young’s modulus (Elasticity modulus) 193,000 MPa
Poisson’s ratio 0.25
Magnetic permeability 1.02
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twofold increase in length corresponds to almost a twofold
increase in torque, as shown in Fig. 14. Thus, the second MC is
achieved with a model length of 20 mm.

3.2.6. Number of poles determination based on pullout torque
In synchronous MCs with a 1:1 speed conversion ratio, the

number of rotor poles is equal. Increasing the pole number
increases the torque as it increases the air gap flux density up to
the point where leakage fluxes dominate. The mounting and
weight reduction holes in the rotor also affect the number of poles
where the maximum torque is obtained.

As shown in Fig. 15, the pullout torque is obtained when the
number of poles is 18. However, the increase in the pole number
also means an increase in the difficulty of mounting, especially
the outer rotor magnets. Therefore, the number of poles is chosen
as 10, as it minimally meets the system torque and weight require-
ments. If 8 poles are to be used, the model length should be
increased by 20% to achieve the required torque, which would
increase the total weight by approximately 23%.

3.3. Design of retaining sleeve or bandage

At speeds above 3600 rpm, so-called high speed, the use of a
retaining sleeve is required to prevent magnets from leaving the
Fig. 15. Pullout torque depending on the number of poles.
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rotor surface due to high centrifugal force. Nonmagnetic stainless
steel 316L, whose properties are listed in Table 3, is often used
as the sleeve material. Although the sleeve thickness could be
determined quickly by optimetric analyses in Maxwell 2D, analyt-
ical calculations based on centrifugal pressure and tangential stress
[46] could be performed to estimate the preliminary dimensions.
The analytical results based on the inner rotor dimensions shown
in Fig. 16(a) are summarised in Table 4 and verified by Ansys struc-
tural analysis, as shown in Fig. 16(b).

3.3.1. Analytical design of the retaining sleeve
The minimum sleeve thickness is the thickness that provides

the following fundamental two conditions when the adhesive is
neglected.

1. Residual contact pressure between the magnets and the rotor
core at overspeed must be positive, as given in Eq. (3).

pc ¼ ðpc;prestress � pw;m � pw;bÞ > 0 ð3Þ
where pw;b : centrifugal force on sleeve shellMPa

pw;m : centrifugal force onmagnetsMPa
pc;prestress : contact pressure due to interference fit of sleeve
ontomagnets fundamental two conditionswhen the
adhesiveMPa
pc : residualcontactpressureMPa

The centrifugal forces on the sleeve and magnets reducing
residual contact pressure are given in Eqs. (3a) and (3b),
respectively.

pw;b ¼ rb � qb �w2
overspeed � hb ð3aÞ

where pw;b : centrifugal force on sleeveMPa

rb : mean radius of sleeve shellm
qb : mass density of sleeve shell kg=m3

woverspeed : angular velocity; at over speed rad=s
hb : thickness of sleeve shellm

pw;m ¼ rm � qm �w2
overspeed � hm ð3bÞ
Fig. 16. (a) Inner rotor parameter definitions (b) Ansys structural sleeve
verification.



Table 4
Summary of the analytical design of the retaining sleeve.

DESIGN INPUTS

rri Inner radius of
inner rotor

21 mm

rro Outer radius of
inner rotor

24 mm

rm Mean radius of
permanent
magnet

26 mm

rmo Outer radius of
permanent
magnet

28 mm

rb Mean radius of
retaining sleeve

28.25 mm

rbo Outer radius of
retaining sleeve

28.5 mm

DD Sleeve undersize 0.1 mm
cover Overspeed factor 1.5
csafety Safety factor 2

DESIGN OUTPUTS

Residual Contact Pressure at Overspeed
Centrifugal force on sleeve pw,b 0.14 MPa
Centrifugal force on a magnet pw,m 1.01 MPa
Contact pressure due to interference fit

of sleeve
pc,prestress 6.27 MPa

Residual contact pressure pc 5.12 MPa

Stress Inside Retaining Sleeve Shell
Tangential stress due to rotation of

sleeve
rt,w 8.17 MPa

Prestress due to interference fit of sleeve rt,prestress 354 MPa
Stress inside retaining sleeve shell rt 362 MPa

Determination of Retaining Sleeve Thickness
Minimum required thickness of

retaining sleeve, based on contact
pressure

hb,min,pressure 0.24 mm

Minimum required thickness of
retaining sleeve, based on tangential
stress

hb,min,stress 0.28 mm

Selected thickness of retaining sleeve hb,selected 0.5 mm
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where pw;m : centrifugal force onmagnetMPa

rm : mean radius of magnetsm
qm : mass density of magnets kg=m3

hm : thickness of magnetsm

The contact pressure and prestress due to the interference fit of
the sleeve shell onto the magnets are evaluated by Eqs. (3c) and
(3d).

pc;prestress ¼ rt;prestrees � ðr
2
bo � r2moÞ

ðr2bo þ r2moÞ
ð3cÞ

where rt;prestrees : prestress due to interference fit of sleeve onto
magnetsMPa

rbo : sleeve shell outer radiusm
rmo : magnet outer radiusm

rt;prestrees ¼ E � DD
2 � rb ð3dÞ

where E : Young0smodulusMPa

DD : sleeve undersizem
2. The stress inside the retaining sleeve must be less than the

maximum endurable tangential stress, as given in Eq. (4).

rt ¼ rt;prestrees þ rt;w
� �

< rt;max ð4Þ
8

where rt;w : tangential stress due to sleeve rotationMPa

rt;max : maximumtangential stressMPa
rt : stressinsidesleeveshellMPa

The tangential stress due to rotation of the retaining sleeve shell
with a mass density of qb can be estimated as in Eq. (4a) [47].

rt;w ¼ qb �w2
overspeed � r2b ð4aÞ

The residual contact pressure at overspeed, pc, is positive, and
the stress inside the retaining sleeve, rt, is less than the ultimate
tensile stress of the sleeve, as seen in Table 3. Similarly, the tensile
stress in the sleeve obtained by numerical Ansys structural analy-
sis is below the ultimate tensile stress of Steel316L material, as
shown in Fig. 16(b).

Analytical equations are interpolated by increasing the sleeve
thickness starting from 0.05 mm with 0.05 mm step intervals.
The minimum sleeve thickness satisfying the above conditions is
found to be 0.24 mm for contact pressure and 0.28 mm for tangen-
tial stress, considering the safety factor. However, it is difficult to
find or process material with such a thin thickness. From a produc-
tion point of view and a safety factor of 2, a sleeve thickness of
0.5 mm is a practical choice.
3.3.2. Investigation of eddy-current loss depending on sleeve thickness
The retaining sleeve thickness should be chosen carefully

because it changes the air gap length, the torque density and the
induced eddy-current losses. Eddy-current losses should be stud-
ied in detail as they increase the magnet temperature, causing a
decrease in the magnet residual flux density. The maximum mag-
net temperature is analysed as 30 �C with numerical Ansys Fluent.
As shown in Fig. 17, the induced eddy-current loss increases as the
retaining sleeve thickness increases. The optimetric analysis is
based on the total air gap clearance, which is the sum of the
1 mm air gap length and the sleeve thickness.
3.4. Maxwell 2D transient optimetric analyses

Unlike the magnetostatic simulations, the Ansys Maxwell tran-
sient simulation environment is created for the dynamic case,
where the moment of inertia of the magnetic coupling, mechanical
losses as damping factors, and the type of load acting are
considered.

For more realistic analyses, the model is constructed in Solid-
works, and the corresponding moments of inertia for the inner
and outer rotors are calculated as 0.34 kg�cm2 and 1.55 kg�cm2,
respectively.

The mechanical losses consisting of bearing losses, windage and
friction losses are practically accepted between 2% and 4% of the
output power if a CFD solution is unavailable, similar to rotating
electric machines [48]. In this study, it is assumed to be 3%. The
total mechanical loss is calculated as 0.000478W/(rad/sec)2.
Fig. 17. Induced eddy-current loss on retaining sleeve depending on thickness.



Fig. 19a. Attraction torque at out of synchronisation if piston shaft is not locked.
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Dynamic torque tests are performed with N48H at 60 �C due to
the ease of cooling in the dynamic state. This results in a 5% higher
torque per unit volume compared to static torque because the PMs
have a higher residual flux density at low temperatures.

Transient simulations are performed directly at the critical
angle depending on the mechanical revolutions with high-
precision in low time-steps. The pullout torque with torque ripple
is obtained for the case where the sleeve material is not used, as
shown in Fig. 18(a). However, in the case of using a retaining
sleeve, the pullout torque is reduced by approximately 10.5% due
to the dominant eddy current losses, as shown in Fig. 18(b). In this
case, the model length needs to be increased by approximately 12%
to provide the same torque.

Due to the different moment of inertia of the rotors, dynamic
torque transmission at instant load changes results in torque rip-
ple. Figs. 18(a) and (b) show torque fluctuations of 0.1% and
0.15% for the cases without and with the sleeve, respectively, for
instantaneous load variation. In synchronous magnetic couplings,
the torque ripple is very small until the critical angle. Transient
simulations without considering dynamic modelling result in con-
stant torque, as shown in Fig. 18(c).
Fig. 19b. Attraction torque at out of synchronisation if piston shaft is locked.
3.5. Attraction torque examination at loss of synchronisation

Investigating the torque at the Loss of Synchronisation (LoS)
between coupling rotors is a critical issue in protecting the system
Fig. 18c. Pullout torque ignoring dynamic model at critical angle.

Fig. 18a. Dynamic torque without retaining sleeve at critical angle.

Fig. 18b. Dynamic torque with retaining sleeve at critical angle.
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against overloads. In aerospace applications, the system is
expected to be operated by the S/G in the case of LoS. This occurs
in two cases: piston shaft malfunction or exceeding the pullout tor-
que of the MC.

In the case where the piston shaft is not disturbed, LoS due to
overload causes the piston shaft and inner rotor of the MC to run
at idle speed, 2000 rpm for 3 W-70 engine, and the outer rotor to
run at near idle speed. Thus, analyses are performed under load
by rotating the inner rotor at 2000 rpm and the outer rotor at
2100 rpm, just after the idle speed. Fig. 19(a) shows that the attrac-
tion torque is �0.6 N�m for this case. The effect at different speeds
is further examined in Fig. 19b.

On the other hand, in case the piston engine shaft and inner
rotor are locked due to any shaft failure, LoS analysis is carried
out by setting the inner rotor speed to 0 and rotating the outer
rotor at different operating speeds at the critical angle. As shown
in Fig. 19(b), in this case, the attraction torque is �0.52 N�m for
the minimum operating speed and �0.72 N�m for maximum oper-
ating speed.

The skewed model could be further studied to reduce the
attraction torque [49–50], but in this case, the maximum torque
per unit volume also decreases as the air gap flux density
decreases.
4. Maxwell 3D parameter tuning using optimisation techniques

The optimum magnetic coupling dimensions obtained from
Maxwell 2D optimetric simulations are microanalyzed using opti-
misation techniques in Maxwell 3D. Objectives could be the max-
imisation of torque per PM volume, maximisation of torque per
total weight, and minimisation of cost per volume. However, a
minimum weight that meets the requirements for hybrid UAV
applications is often demanded.

The 3D model is split by one-fifth using symmetry features to
reduce optimisation time. There are some applicable optimisation
techniques [51–53] used in magnetic couplings, such as Sequential
Nonlinear Programming (SNLP), Genetic Algorithm (GA), and
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Multi-Objective Genetic Algorithm (MOGA). The results are sum-
marised in Table 5.

However, the prototypes are fabricated based on the dimen-
sions obtained from the sensitivity analyses in Table 5 since pro-
duction tolerances and measurable dimensions are considered
even if the maximum torque density is not provided.
Fig. 20a. Rotor core loss depending on torque angle.

Fig. 20b. Hysteresis loss of PMs depending on torque angle.

Fig. 20c. Induced eddy-current loss of PMs depending on torque angle.
4.1. Investigation of magnetic coupling efficiency and losses

It is a difficult task to analytically calculate losses, but they can
be calculated numerically effectively. Magnetic coupling losses
consist of rotor core losses, PM losses, sleeve losses and mechanical
losses. Core losses, including hysteresis, eddy-current and excess
losses, are calculated in Ansys Maxwell according to the following
equation [54].

ploss ¼ kh � f � B2 þ kc � f 2 � B2 þ ke � f 1:5 � B1:5 ð5Þ

where kh : hysteresis loss coefficient of material

f : frequency of air gap flux density
B : absolute average of air gap flux density
kc : eddycurrent loss coefficient of material
ke : excess loss coefficient of material

Since the inner and outer rotors rotate at the same speed in syn-
chronous couplings, no eddy current is induced on the permanent
magnets and the sleeve under ideal conditions. However, due to
load disturbances, high vibration and high torque ripple from the
natural operation of the piston engine, the torque angle frequently
fluctuates. Thus, in addition to hysteresis losses [55], eddy-current
losses [56] due to induced eddy-currents are created. These losses
are converted into heat, causing the temperature of PMs to rise
gradually and, if not avoided, drastically reducing the residual flux
density of the PMs and the transmitted torque. Excess losses are
due to the eddy current generated by the displacement of the mag-
netic domain walls [54].

Figs. 20(a), (b), (c), and (d) examine the rotor core losses, hys-
teresis losses of PMs, eddy-current losses of PMs, and eddy-
current and hysteresis losses of the retaining sleeve, respectively,
depending on the torque angle at the maximum operating speed
for the optimum coupling of 10-poles and 10 N�m.
Table 5
Design parameters obtained by using Maxwell 3D optimisation techniques.

Design Parameters Optimisation Technique

SNLP

Inner PM thickness (mm) 4.1
Outer PM thickness (mm) 3.93
Inner yoke thickness (mm) 2.57
Outer yoke thickness (mm) 3.03

Optimum Model Dimensions

Inner diameter of inner rotor (mm) 42
Outer diameter of inner PMs (mm) 56
Inner diameter of outer PMs (mm) 59
Outer diameter of outer rotor (mm) 74
Air gap volume of final model (mm3) 2709.6
Length of the final model (mm) 10

Cost Function Outputs

Average torque (N�m) 10.2
Total coupling weight (gr) 194
Torque density (N�m/kg) 52.58
Elapsed time (min.) 150

* Optimum values obtained from the sensitivity analyses.

10
In Ansys Maxwell 3D, the efficiency is analysed in two cases. In
both cases, similar to Maxwell 2D, dynamic effects are included
through the ‘‘Model-Motion Setup-Consider Mechanical Transient”
settings. The losses and the efficiency at the critical angle for differ-
ent operating speeds are obtained by keeping the inner rotor speed
at zero and limiting the positive rotation of the outer rotor at dif-
ferent operating speeds from a torque angle of zero to the critical
Sensitivity* Analyses

GA MOGA

4.49 4.026 4*
4.25 3.79 4*
2.61 2.525 3*
3.02 3.028 3.5*

10.95 10.24 10.5
205 195 207
53.41 52.51 50.72
270 210 15



Fig. 20d. Induced eddy-current and hysteresis loss of retaining sleeve.

Fig. 20e. Coupling efficiency at critical angle depending on operating speed.

Fig. 20f. Coupling efficiency at maximum speed depending on torque angle.

Fig. 21. Magnetic coupling prototypes with lengths of (a) 10 mm and (b) 20 mm.

Fig. 22a. Direct dynamic test bench set up specifically for magnetic coupling tests.

Fig. 22b,c. Coupling integration on a piston engine (b) Real model (c) 3D model.
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angle. The losses and the efficiency at the maximum operating
speed for different torque angles are obtained by keeping the inner
rotor speed at zero and limiting the positive rotation of the outer
rotor at maximum operating speed from a torque angle of zero
to the different torque angles.

Fig. 20(e) plots the respective coupling efficiency as a function
of operating speed at the critical angle. Fig. 20(f) plots the effi-
ciency as a function of torque angle at maximum operating speed.
Thus, the coupling efficiency is 93.8% at the maximum speed and
critical angle, while it is 96.9% at the minimum torque angle and
minimum speed.

5. Test results of the magnetic couplings

It is necessary and effective to obtain the dynamic and static
performance results of the magnetic couplings and compare them
with simulation results. There are various methods for magnetic
coupling tests, such as Direct Dynamic, Indirect Dynamic, and Sta-
tic tests [27].

Static tests perform locked-rotor performance in a steady state
but are deficient in calculating loss and efficiency. Indirect dynamic
tests are based on estimating the pullout torque from no-load or
half-load conditions with poor accuracy. However, in the direct
test system, the performance results are obtained by reading the
parameters such as torque, speed, and temperature using sensitive
sensors, giving very accurate results. The prototypes are shown in
11
Fig. 21. A direct-type test bench has been set up for MCs, as illus-
trated in Fig. 22(a). The integration of MC on a piston engine is
demonstrated in Fig. 22(b,c).

5.1. Full-load dynamic test results

The test bench consists of a servo motor (1) as a load, torque/
speed transmitter (2), geared asynchronous motor (3), magnetic
couplings under test (4), high-speed spindle motor (5), and laser
thermometer (6). If the working principle of the test system is to
be explained, the magnetic coupling driven by the asynchronous
motor is gradually loaded by the servo motor operating in torque
mode. At the same time, the transmitted torque and speed are
dynamically measured from the torque/speed sensor. The temper-
ature of magnetic coupling is obtained with the laser thermometer.
The required second coupling of 20 N�m is achieved by modularly
doubling the coupling of 10 N�m in length.

Locked-rotor tests are performed by making the outer rotor of
the MC unable to rotate with the first excessive torque adjustment
of the servo motor. For high torque tests, the driving speed of the
MCs is 250 rpm. High-speed tests are performed by spindle motor



Fig. 22b,c (continued)

Fig. 23b. Transient pullout torque test results for MC with 20 mm length.
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(5) on the test bench. The torque angle is measured by absolute
hall encoders on the load servo motor and drive asynchronous
motor. Loctite648 is used as the adhesive material for PMs, and
the retaining sleeve material is omitted, but the air gap with the
sleeve is left at 1.5 mm.

Although output torque and speed are measured, efficiency cal-
culations require a second torque/speed transmitter to measure
input torque and speed. Due to the lack of test facilities, efficiency
could not be plotted dynamically. However, in light of the data
obtained from other test results, the actual efficiency graph could
be estimated from the numerical efficiency graph using the pro-
posed correction factor.

Fig. 23(a) shows the pullout torque and temperature results
obtained by the dynamic test bench for magnetic coupling with a
length of 10 mm. The average pullout torque is 8.9 N�m for the
dynamic tests, 10.5 N�m for transient Maxwell 2D and 9.9 N�m
for transient Maxwell 3D.

Similarly, Fig. 23(b) examines the dynamic test results of the
MC with a length of 20 mm. This confirms that a twofold increase
in length results in almost a twofold increase in the pullout torque.
Maxwell 2D and 3D transient dynamic analyses correlate strongly
with the test results. Dashed lines indicate the average value of the
results.

In Maxwell 3D, similar to Maxwell 2D, torque simulations in the
transient dynamic state also result in torque fluctuations at sudden
load changes since the moment of inertia of coupling, the mechan-
ical losses in terms of damping factor, and the type of load acting
are modelled.

3D modelling and layout of the test bench are achieved using
Solidworks software to ensure precise production. The test system
parts are manufactured with high precision on CNC machines and
their assembly is performed by accurately measuring with refer-
ence to the 3D model. In addition, it is provided that the inner rotor
of the coupling fits and rests on the bearing housing in the outer
Fig. 23a. Transient pullout torque test results for MC with 10 mm length.

12
rotor of the coupling, ensuring that the inner and outer rotor axes
are concentric and coincident. Once the assembly is assured, the
parts are fixed to the platform. On the other hand, the torque/speed
transmitter and temperature meter used in the tests are calibrated
by an internationally accredited organisation [57]. The tests are
conducted a total of three times at different times and the average
values are used in the graphs.

In dynamic tests, the servo motor used in torque mode tries to
continuously keep the load at the maximum torque point of the
magnetic coupling according to the position information received
from the encoder and current information received by the driver.
However, the torque results obtained from the test bench also fluc-
tuate due to the unstable load caused by the moment of inertia of
the servo motor, the unbalanced mechanical connection between
the servo and the torque sensor, and the low sensitivity of the tor-
que sensor.
5.2. Static locked-rotor test results and correction factor determination

The locked-rotor torque results obtained from the Virtual Work
method, numerical Maxwell 2D and 3D simulations and the test
bench are compared in Fig. 24.

For the analytical Virtual Work method, the optimum values
determined in Table 5, considering manufacturability and accessi-
bility, were reused in Eq. (1) to calculate the torque corresponding
to different torque angles. The torque increases with increasing
torque angle in the synchronous zone up to the critical angle.
The torque is maximum at the critical angle. In the asynchronous
zone after the critical angle, the torque angle and output torque
are reduced as the reference is taken from the next incoming PM
with opposite polarity. However, since the system is unstable in
the asynchronous region, it results in a loss of synchronisation,
as investigated in Section 3.5. On the other hand, the torque is zero
Fig. 24. Static torque results of the optimum model depending on the torque angle.
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at the minimum energy position realised at the torque angle of 0
Mdeg or 36 Mdeg for the optimum model.

The locked-rotor torque at the critical angle is 9 N�m for the sta-
tic tests, 10.15 N�m for static Maxwell 2D, 9.56 N�m for static Max-
well 3D, and 12.35 N�m for the Virtual Work method. The test
bench static results are based on a torque angle variation of 4
mechanical degrees to reduce errors caused by torque angle read-
ing with an absolute encoder.

To obtain more realistic results, the magnet temperature of
60 �C in the transients is updated to 80 �C in the magnetostatics
due to the cooling difficulties encountered in the steady state of
the system. In this way, torque deviations depending on the static
and dynamic states are explored. However, since these effects can-
not be created on the test bench, the static and dynamic test results
are very close to each other.

Analytical methods are usually used for preliminary design of
the model under ideal conditions. For this reason, calculations
are mostly based on the basic parameters and the required output
values. In other words, nonlinearities in the natural behaviour of
the materials are not considered. For example, the effects of many
variables such as leakage fluxes, cross coupling effects, core losses,
thermal effects and eddy losses, are ignored in the calculations. On
the other hand, analytical calculations modelling these effects are
complex and time consuming. For this reason, FEM offers a practi-
cal approach for designers, and these effects are considered with
high accuracy by defining the material nonlinear properties in
detail and their effects on the output parameters.

Finally, the correction factor coefficient, which allows the meth-
ods used in the design to reduce errors and give results much clo-
ser to practice, can be obtained. As a result, a correction factor of
1.39 for the Virtual Work method, 1.18 for Maxwell 2D and 1.11
for Maxwell 3D is proposed by correlating analytical calculations
and Maxwell FEA with the results obtained from the dynamic test
system.
6. Conclusion

This article contributes to the optimum design study of active
synchronous magnetic couplings with a multiobjective analysis
approach. Preliminary analytical calculations are based on the Vir-
tual Work method. The magnetic design was conducted in Ansys
Maxwell 2D by optimetric solutions and in Maxwell 3D using the
sensitivity analyses and the optimisation techniques of SNLP, GA,
and MOGA. In light of manufacturability, a 10-pole configuration
was preferred, which offers 17% higher torque density than an 8-
pole configuration. The torque fluctuations are 0.1% and 0.15% for
the cases without and with the retaining sleeve, respectively. The
requirements are met with minimum weight by operating the sys-
tem at saturation points. Calculating the attraction torque at the
loss of synchronisation at an average of �0.6 N�m may indicate
the necessity of skew work for S/G applications. Static structural
analysis of the retaining sleeve, designed to protect permanent
magnets from contact pressure and tangential stress, confirms its
robustness. Magnetic couplings are produced with lengths of
10 mm and 20 mm. It has been found that a doubling of the stack
length corresponds to an almost twofold increase in torque. Unlike
the traditional method, the proposal of the modular stack structure
provides ease of production due to the outer diameter limitation. A
direct dynamic test system was installed on behalf of magnetic
couplings for full load, overload, and locked-rotor tests. The
dynamic and static test results are closely correlated with the Max-
well 2D and 3D FEM outputs. The experimental static results show
that the absolute error of the analytical calculations is 37% for the
Virtual Work method. On the other hand, the presence of errors,
13% for 2D FEM and 6% for 3D FEM, indicates the importance of
13
numerical simulations for aviation applications. The test results
can also give an idea about the safety factor and turbulence coeffi-
cient. At the critical angle, the total rotor core losses are 2.7 W, the
hysteresis losses of the PMs are 0.40 W, the induced eddy-current
losses on the PMs are 212.5 W, the hysteresis loss of the sleeve is
0.91 W, and the induced eddy-current loss of the sleeve is
40.46 W. Among the losses, permanent magnets and eddy current
losses induced on the sleeve are predominantly effective. The cou-
pling efficiency at the maximum operating speed and critical angle
is 93.8%, while it is 96.9% at the minimum torque angle and mini-
mum operating speed. The study provides a realistic design oppor-
tunity by including a correction factor of 1.39 for the Virtual Work
method, 1.18 for Maxwell 2D and 1.11 for Maxwell 3D. Thus, it can
be concluded that the modular design of synchronous radial cou-
plings is valid and can be safely adapted to many applications.
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