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Abstract. This paper deals with the structure behaviour of a multi-bar system which maintains pole
pieces in a magnetic gear. A simplified model of the system is proposed in order to be integrated in a
multi-criteria global optimization for the sizing of a magnetic gear in wind power applications. For this
purpose, the reduction of the computation time is taken into account. A geometry of the supporting bar
is the defined and a Q bars structure is proposed. The study is based on a 1D model for each bar; varia-
ble radial and tangential magneto-mechanical pole pieces loads (generated by permanent magnets
rings) are also considered. The resolution of the 6Q*6Q system permits to determine quickly the evolu-
tion of displacements for each bar. An example of a magnetic gear with 151 pole pieces (i.e. 3,9 MW

wind turbine) is proposed.

Key words: Laminated pole pieces, Magnetic gear, Magneto-mechanical load, Multibody, Support
bar.

1 Introduction

Mechanical gearboxes, currently used in indirect drive electromechanical con-
version chain (Fig.1a), provide a lower capital expenditure and lower masses than
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the direct drive conversion chain [1] (Fig.1b). In return, mechanical gearboxes in-
duce production interruptions and repairs, which increase operating costs [2]. In
this context, an interesting way is to develop a conversion chain with a medium-
speed generator and a magnetic gear [3] (with non-contact power transmission)
(fig.1c). The most studied topology of magnetic gears has been proposed by Mar-
tin [4] and was the subject of different behaviour studies proposed by Atallah [5].

This magnetic gear architecture shown in Fig.2 potentially offers a higher per-
formance with a high torque density and a high reliability than mechanical gear-
boxes [6] and even more for high torque applications like in high wind turbine (of
the order of a few MN.m and a few MW) with only magnetic part consideration
[7]. However, no magneto-mechanical sizing has been done on this magnetic gear
(with an approach similar than [8] for a wind turbine generator) and it seems to
have weaknesses in terms of mechanical strength which are subjected to radial and
tangential loads from the magnetic field. Indeed, ferromagnetic pole pieces (see
Fig. 3) are very elongated structures, laminated perpendicular to the axis of rota-
tion (to minimize iron losses and conserve a high efficiency of the system) and
subjected to magneto-mechanical loads.

The weaknesses of the poles pieces raises the question of the possibility to
maintain mechanically this laminated pole pieces without lessening the magnetic
properties (therefore without increasing air gaps and modifying magnetic field) in
high power wind turbine applications (i.e high dimensions and high pole numbers
of the magnetic gear). It is then necessary to evaluate the stiffness of the pole
pieces structure for different configurations. This evaluation must be done in a
global multi-criteria mechatronic optimization.

The major contribution of this work is the definition of a multibody model of
the pole pieces ring that permits to evaluate quickly the displacement generated by
the magneto-mechanical variable loads. This multibody model could be integrated
in a multi-criteria mechatronic optimization of a magnetic gear for wind turbine
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applications.

2 Support bars for laminated ferromagnetic pole pieces

2.1 General principle of the magnetic gear

The magnetic gear is composed of three rings: a ring with p;py low pole num-
ber of pole pairs of permanent magnets and a ferromagnetic yoke, a ring with
pypy high pole number of pole pairs of permanent magnets and a ferromagnetic
yoke, a ring with Q ferromagnetic pole pieces (an example is given in Fig. 2 with
low pole numbers, to improve readability: p;py =2, Pypy =7 and Q =9).

To achieve the power transmission, three rings pole numbers must respect EQ.
(1). Depending on the fixed ring, the gear ratio Gp,qg4y, is given by Eq. (2) where
Wy py /0> WhpLjo and wq o are the speed rotation of the internal ring (with low pole
numbers), the external ring (with high pole numbers) and the pole pieces ring re-
spectively, A is defined in Eq. (3). For high power applications like offshore wind
turbine, the number of pole increases with the diameter. A consequence can be a
decrease of their rigidity.

Pupn + DLy = Q 1)

WHPN /0 1-1)

Wrpn/o = 0 = Gragn =

wQ/O A
WrpN /0o
Wq/0 = 0- Gmagn = wupn/o =1 (2)
WrpN /0
kaPN/O =0- Gmagn = (UQ/(: =-(1-1
PHPN
r=-7 3
LPN

2.2 Geometry of support bars

To support the laminated pole pieces of the magnetic gear, the support bar ge-
ometry shown in Fig.3 is proposed. The support bar is composed of a massive
magnetic insulator steel and a magnetic and electrical insulator skin. These sup-
port bars do not lessen the magnetic properties; they also do not modify the mag-
netic field and air gaps. Support bar will then transmit to the structural parts the
magneto-mechanical load of the laminated pole pieces. Support bars are
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thus subjected to variable radial and tangential magneto-mechanical loads; their
induced displacements and stresses must be then taken into account for their sizing

(see [3]).

- Laminated pole pieces
- Support bar

Fig. 3 Pole pieces ring with support bars (end bells are not represented)

2.3 Magneto-mechanical loads computation

To compute magneto-mechanical loads, it is possible to take into account ex-
actly the exact geometry of pole pieces with a 2-D magnetic finite element model.
This is shown in Fig. 4.a for the magnetic field repartition of a part of the magnet-
ic gear with p;py =2, pypy = 7 and Q = 9. However, the fact of taking into ac-
count the adaptation of the geometry of the laminated pole pieces to be support by
the support bars increases strongly the computation time of the magneto-
mechanical loads determination. Fig. 5 compares the magneto-mechanical loads
obtained from a 2-D finite element magnetic model with the adapted geometry of
pole pieces (presented in Fig. 4a) and with the theoretical geometry of pole pieces.
This theoretical geometry of pole pieces presented in Fig. 4b induces a lower
computation time of the magneto-mechanical loads since the mesh is simpler.
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(a) (b)
Fig. 4 Magnetic field repartition obtain from 2-D finite element magnetic model with (a) the
adapted geometry of pole pieces and (b) the theoretical geometry of pole pieces for the magnetic

gear with p;py =2, pypy =7 and Q =9.
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Fig. 5 Comparison between the magneto-mechanical loads obtained from a 2-D finite element
magnetic model with the adapted geometry of pole pieces and with the theoretical geometry of
pole pieces for a laminated pole piece of the magnetic gear ( a gear with p;py =2, pypy = 7 and
Q =9 is considered).

The results of the comparison presented in Fig. 5 show that it is possible to
compute the magneto-mechanical loads without taking into account to the adapted

geometry of the pole pieces. The difference between these two models is indeed
lower than 5%. The computation time is then reduced.
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3 Multibody model of the pole piece ring

Loads that generate stresses and displacements are the magneto-mechanical ra-

dial and tangential loads (Fr(q) and Fafq) ) and the weight of the structure for the Q
pole pieces and support bars (q corresponds to the number of the pole pieces,
1 < q < Q). The geometry of the structural part of the pole pieces ring includes
support bars and end bells. It is then possible to consider that a support bar is
equivalent to a fixed end beam, considering that the end bells have a negligible de-
formation compared to support bars. Considering that the magneto-mechanical
loads and the weights are applied in the middle of the pole pieces, the pole pieces
ring can be modelled with the geometry described in Fig. 6a. Fig. 6b defines the
multibody model in the middle of the structure.

As shown in Fig. 6b, the multibody model is composed of 4Q bodies Si(q) (with
i =1..4) and 4Q degrees of freedom (2Q translation and 2Q rotation). The 2Q
translations are linked to the stiffness of the support bars and the 2Q rotations cor-
respond to the contacts between pole pieces and support bars. The stiffness of the
support bars are determined from a fixed end beam 1-D model. The stiffness of
pole pieces are considered negligible in this study because they are laminated.

This multibody model includes 8Q unknowns for each pole pieces ring. They
correspond to the 2Q stiffnesses defined in EQ. (4), the 2Q fixed end reactions at
the end of the support bars defined in EQ. (5) and the 4Q reactions from the con-
tact between pole pieces and support bars defined in Eq. (6) as shown in Fig. 6b.

{Tx(‘” = kP 2@ %,

@ _ @ . (q) — @)
T, =ky .y ysq
{Xl(q)' YZ(Q)} (5)

@ v@ y(@ (@
{X3 XL Y, } (6)
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To determine the 2Q fixed end reaction unknowns, it is possible to consider on-

ly S and determine X(* in function of T\*from the mechanical equilibrium,

and consider only S{* and determine Y, in function of ijq) from the equilibrium
to obtain Eq. (7). It remains then 6Q unknowns to be determined. Contrary to the
fixed end reaction unknowns, these 6Q unknowns are coupled and must be deter-
mined from 6Q coupled equations. Considering Séq) and then Siq), it is possible to
obtain 6Q coupled relations from EQ. (8) where the two first equations are condi-
tions for equilibrium (which give 4Q equations from projections) and the last
equations are equilibrium of torque (which give 2Q equations). The 6Q coupled
equations form the matrix system defined in Eq. (9) where [A]gq60 includes pro-
jections, [B]gq,1 the magneto-mechanical loads and weight and [X]¢q ; are the un-
knowns of the problem.

YZ(Q) — T}Sq)
Xl(q) — Tx(q)

U]

x :SLJ, )
Fig. 6a Multibody modelling of the pole pieces ring  ¥ig. 6b Multibody modelling ot the pole

with the definition of the different bases pieces ring with the definition of the differ-
ent loads and bodies.
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N —
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8
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The last 6Q unknowns can be determined from a numerical resolution with an
inversion of [A]4q,6¢ Which permits to obtain the displacements in the middle of
each support bar. Fig. 7a shows the displacements of the support bars generated by
the magneto-mechanical loads; Fig. 7b shows the displacements generated by the
weight with a coefficient of amplification for the magnetic gear studied in [3]. For
this magnetic gear, the maximum calculated radial displacement is 0.5 mm.

Pole pieces ring initial position Pole pieces ring initial position
Pole pieces ring displacement "X Pole pieces ring displacement

(a) ()
Fig. 7 Support bars displacements obtained from the multibody model (with a coefficient of am-
plification) generated by (a) the magneto-mechanical loads and (b) the weight, for the magnetic
gear studied in [3].

4 Loose coupling mechatronic resolution procedure

The multibody model presented above aims to be integrated in a mechatronic
multi-criteria optimization procedure. In this paper, we evaluate support bar dis-
placements considering an acceptable computation time. In order to evaluate the
computation time of the problem resolution and to verify if the model is adapted
for the mechatronic resolution procedure, an example of the procedure progress is
given for the magnetic gear [3] shown in Fig.8. This magnetic gear includes 151
pole pieces.
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Fig. 8 Magnetic parts of the 3.9 MW and 15 rpm magnetic gear with p,py = 20, pyp, = 131 and
Q =151, external diameter 3.8 m and active length 2 m.

Fig. 9 describes the mechatronic optimization procedure that begins with an in-
itial set of computation parameters. A 2-D magnetostatic computation can then be
conducted from a finite element model or an analytical model [9]. This analysis
provides the magneto-mechanical loads evolution which includes radial and tan-
gential loads of pole pieces. From this computation, several criteria (objective
functions and constraints) can be evaluated like magnetic losses or pole pieces
ring displacement (this displacement can be considered as a constraint not to be
exceed or an objective function to be minimized). This resolution procedure is
then based on the hypothesis of a loose coupling between magneto-mechanical
loads and displacement of pole pieces. To complete this optimization procedure, a
Particle Swarm Optimization (PSO) algorithm [10] is computed.

Start

Initialisation parameters {X,}

Parameters {X,} are determined by PSO

X}
¥ Analytical computation according with {X,}

PSO

Calculate the objective functions and constraints of
the new design

No Maximal iteration
___numberreached "

" Yes
Optimized solution

Fig. 9 Mechatronic optimization procedure description [3].

The multibody model described above is then integrated in the mechatronic op-
timization procedure (block dedicated to the criteria evaluation). For the magnetic
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gear example [9], it is then possible to compute the evolution of the displacement
of every support bars of the pole pieces ring. Fig. 10 shows the evolution of the
radial and tangential displacements of a support bar due to the magneto-
mechanical loads and the weight of the structure with a constant rotational speed
of 15 rpm for the external ring and 100 rpm for the internal ring.

—©— Radial displacement
—O— Tangential displacement

Displacement ( mm )
o

0 0.05 0.1 0.15 0.2 0.25
Tima ()

Fig. 10 Evolution of the radial and tangential displacements of a support bar due to the mag-
neto-mechanical loads and the weight for the magnetic gear [3] with a constant rotational speed
of 15 rpm for the external ring and 100 rpm for the internal ring.

Fig. 10 shows a periodicity T of the radial a tangential displacements. This pe-
riodicity is generated by magneto-mechanical loads and corresponds to the perio-
dicity of the permanent magnetic rings which depends on the rotational speed and
the pole pair configuration of the rings as shown in Eq. (10).

21 2m

T = = (10)

PrLpN-@WipNj/o  PHPN:-WHPN/O

For the magnetic gear described in [3], the computation time of the displace-
ments for a single position of the different rings is equal to 0.03 sec (with an Intel
Xeon E5-1630 v3, 8 threads, 3.70 GHz) for all of the support bars. If the dis-
placement evolution is computed for 30 positions of the permanent magnet rings,
this multibody model then permits to perform the computation in approximately 1
sec. This computation time value is then lower than every finite element mechani-
cal model tested and is acceptable for the 24 hours multi-criteria mechatronic op-
timization procedure composed of approximately 200 particles and 100 iterations.
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5 Conclusions

This paper presents a multibody model developed to evaluate displacements of
a multi-bar structure that maintains laminated pole pieces of a magnetic gear. This
model aims to be integrated in a multi-criteria mechatronic optimization for the
sizing of a magnetic gear for wind power applications. This procedure needs to
compute the support bar displacements quickly. The resolution of a 6Q*6Q system
permits to determine the evolution of displacements in 1 sec for a magnetic gear
with 151 pole pieces (i.e. 3,9 MW magnetic gear adapted for a wind turbine). The
displacement evolution computed from the multibody model will permit to evalu-
ate different sizing criteria like stress limit in pole pieces ring or maximal dis-
placement tolerated in airgaps. In prospect, the hypothesis of loose coupling be-
tween the magneto-mechanical loads and the displacement of pole pieces must be
analyzed to validate the mechatronic resolution procedure.
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