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Abstract. This article deals with the magnetic gears with modulating ring and mechanical epicyclic
gears and their operation. A power transmission analysis is done and permits to obtain an analogy of
the kinematics between the two gear systems. Moreover, a transposition of the mechanical epicyclic
gear arrangements to a magnetic gear arrangements can be made. Finally, a load repartition evolution
description is proposed to complete the comparison between magnetic gears with modulating ring and
mechanical epicyclic gears.
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1 Introduction

In many mechatronic drive chains, such as wind turbine drives [1]-[2], mechan-
ical gearbox failure and maintenance increase operating costs, particularly in off-
shore locations. To improve drive train reliability, one potentially attractive solu-
tion consists of replacing the mechanical gearboxes by a magnetic gear [3]. The
most studied topology of magnetic gears has been proposed by Martin [4] and was
the subject of different behaviour studies proposed by Atallah [3].

Fig. 1 (a) Magnetic gear with modulating ring [3] and (b) Mechanical epicyclic gear
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The magnetic gear shown in Fig.la includes an internal ring of permanent
magnets, an external ring of permanent magnets and a ring of ferromagnetic pole
pieces between the permanent magnets rings.

Different studies show that in wind turbine context, this topology of magnetic
gear potentially offers high performance with a higher torque density and a higher
reliability than mechanical gearboxes [5][6]. It becomes even more attractive for
high-torque applications, like a high-power wind turbine (on the order of several
MN.m and several MW) [7].

The behaviour of the magnetic gear with modulating ring [3] can be compared
with mechanical epicyclic gear [5] shown in Fig. 1b. Mechanical epicyclic gear is
composed of a planetary carrier with its satellites, an internal ring and an external
ring. Different topologies of mechanical epicyclic gear have been studied since
many years [8] and four epicyclic gear simple arrangements are commonly pre-
sented as shown in Fig. 2. In wind turbine, the most attractive arrangement is the
epicyclic gear with a single range of satellites (Fig. 2a) since the fact to have only
one range of satellites increase the power density of the system.

Fig. 2 Schematic epicyclic gear arrangements with (a) an internal ring, an external ring and a

planetary carrier with its satellites, (b) an internal ring, an external ring and a planetary carrier

with two ranges of satellites, (c) two external rings and a planetary carrier with two ranges of
satellites and (d) two internal rings and a planetary carrier with two ranges of satellites.

In this article, the major contribution is the comparison between the four
epicyclic gear arrangements and magnetic gear with modulating ring arrange-
ments. It will includes an arrangement, a kinematic (with a study of the gear ratio)
and a load repartition approaches.
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2 Mechanical epicyclic gear behaviour

To explain the power transmission performed by the mechanical epicyclic gear
and compare it with the power transmission of the magnetic gear with modulating
ring, the arrangement shown in Fig.1a is studied. Moreover, it is considered that
the input of the system is the ring with the high teeth number (which will be called
the input ring) and the output of the system is the ring with the low teeth number
(which will be called the output ring) as shown in Fig. 3.

(input ring)

One of the N satellites with Z , teeth which
constitute the planetary carrier

Ring with low teeth number with Z; 5 teeth
(output ring)

Fig. 3 Rings definition of the mechanical epicyclic gear
2.1 General principle

All arrangements of mechanical epicyclic gears are composed of three rings:

e Aring with Z,, of teeth (with low teeth number) and a module m;;y,

e Aring with Zyry of teeth (with high teeth number) and a module myry,

e A planetary carrier with one or two ranges of satellites composed of N satel-
lites with Z,, ; teeth and a module m, ; for the range i (an example is given in
Fig. 3with: Z, 7y =20, Zyry =40,Zy 1 =Zy,=10and N = 4).

2.2 Power transmission

The contact between input ring teeth and the planetary teeth generates friction
and then a complex mechanical stress state on the contact point of the N satellites
Eq. (1). In the case of a straight toothed gear, only the o, Stress component gen-
erates tangential loads. For the N satellites, these loads F{g,,4(t) defined in Eq. (2)
are calculated from the integration of the stress component o,.9 on the contact area
S(t). In the same time, the N satellites are in contact with the output ring. From
the mechanical equilibrium, satellites transmit directly the tangential loads to the
output ring. The mechanical torque on the output ring is then given by Eq. (3).
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The mechanical power transmission can be performed if the average value of
the mechanical torque is different to zero when the different rings are in rotation.
This condition can be made by imposing a single module m defined in Eq. (4) for
the different rings and by imposing the Eq. (5) between the teeth number for the
different rings (in the general case).

m=Mmpry = Mypry = My 1 =My 2 (4)

Zirn+Znr=Zyrn +Zn2 (%)

With these equations, it is possible to define the ratio A,,,.., defined in Eq. (6)
where n,,,., corresponds to the number of rings external to the planetary carrier
and the Willis relation for a mechanical epicyclic gear is given in Eq. (7). Then the
gear ratio G,,.., depends on the fixed ring as shown in Eq. (8) [9].

WirN/o — Wpc/o  Zppn-Zn 1

(_ 1)nmech (6)

Anech = =
WHTN /0 — WpC/o Zyn2-Zipn

@rrn/0 = Amech- @Wurn /0 T (Amecn — 1) wpcjo = 0 (7)

WHTN /0 Amecn — 1)
wirnjo = 02 Grecn = ==

Wpc/o Amecn
WLTN /0
Wpcjo = 0 = Gmecn = m = Amech (8)
WLTN/0
thTN/O =0 Gmecn = Wpc o = —(Amecn — 1)

3 Magnetic gear with modulating ring behaviour

To explain the power transmission performed by the magnetic gear [3], it is
considered that the input of the system is the low speed permanent magnet ring
with the high pole number (which will be called the input permanent magnets
ring) and the output of the system is the high speed permanent magnet ring with
the low pole number (which will be called the output ring) as shown in Fig. 4.
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Ring with high pole number with pypy pole pairs__,
(input ring)

Ring with low pole number with P;py pole pairs
(output ring)

One of the Q pole pieces which constitute the pole
pieces ring
Fig. 4 Definition of the different parts of the studied magnetic gear arrangement

3.1 General principle

The general principle of the different magnetic gear with modulating ring ar-
rangements can be described from the magnetic gear [3] which corresponds to the
magnetic gear arrangement presented in Fig.4. All arrangements of magnetic gear
with modulating ring are composed of three rings:

e Arring with p,py low pole number of pole pairs of permanent magnets and a
ferromagnetic yoke,

e Aring with pypy high pole number of pole pairs of permanent magnets and a
ferromagnetic yoke,

e Aring with Q ferromagnetic pole pieces (an example is given in Fig. 4 with
low pole numbers, to improve readability: p,py =2, pypy =5 and Q = 7).

Contrary to the mechanical epicyclic gear, pole pieces do not rotate like the sat-
ellites on the planetary carrier.

3.2 Power transmission

The input permanent magnets ring generates in air gaps a wave of magneto-
motive force and then an induction B,y defined in Eq. (9) in the neighbouring air
gap (to simplify the demonstration, only the fundamental wave of the three rings is
taken into account). Ferromagnetic pole pieces module the permeance to obtain in
the air gap close to the output permanent magnet ring the induction from the input
permanent magnet ring B, zpy defined in Eq. (10). There is also in this airgap the
induction from the output permanent magnets ring B,py as shown in Eq. (11).
Both inductions produce then a global induction B,,, defined in Eq. (12) close to
the output permanent magnets ring.

Bypn (t) = (BIPN. & + BiPN . €5) cos(pypn- wppn-t) (9)
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B upn(t) = (Brl;IzPrN-Z + B,’ng”-e—e’) COS((PHPN — Q). wypn- t) (10)
Bpn(t) = BEPN(BEPN. &, + BGPN . €5) cos(prpw- wipn-t) (11)
Bror(t) = B upn (t) + BLpy (t) = BEOY(t). &, + BEH(t). &5 12)

The global induction B,,, will generate a mechanical stress state which corre-
sponds to the 2-D Maxwell tensor @,,,,,, defined in Eq. (13). The instantaneous
magnetic torque on the output permanent magnets ring T, py can be computed from
the Eq. (14).

B"l;otl BgOt _ Bﬁotz/z B"l_fot.Bgot 0

Omagn(M, 1) = o Btot. BLet Btot. pLot — Bg‘”z/Z 0 (13)
0 0 0/ @)
( Typn(t) = R.F(t)
L 21 1
Frang(t) = u_z f BLot(t).BEt(t) R d8 (14)
0
0

The magnetic power transmission can be performed with two conditions: the
part of the magnetic energy stored in airgaps which generates magnetic torque de-
fined in Eq. (15) must be different to zero, the average value of the magneto-
mechanical torque defined in Eq. (16) must also be different to zero.

2

L
Wi ey () = ep z f BEOt(t). B (£) R dO (15)
0
0
Wy,
Tppn(t) = —ﬂ (16)
aeLPN

Considering the global induction defined in Eg. (12), the energy stored in
airgaps is different to zero only if the condition defined in Eq. (17) is respected.
There is then a ratio between the average magnetic torques which corresponds to
the gear ratio of the system. Like mechanical epicyclic gears, it is possible to de-
fine the ratio (18) where n,,, 4, corresponds to the number of rings external to the
pole pieces ring. The Willis equation for a magnetic gear is given in Eq. (19).
Then the gear ratio Gy,,4, depends on the fixed ring as shown in Eq. (20) [10]. In
these equations, the number of pole pairs and pole pieces corresponds to the num-
ber of teeth of the mechanical epicyclic gear.

Pupn + DLy = Q (17)

_ WrpNjo — Wo/0  PHPN
Amagn - -

G (18)

WHPNJ/o — WQ/0  PLPN
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WrpN/o — Amagn-wHPN/O + (Amagn - 1)-00@/0 =0 (19)

WHPN/0 (/1 - 1)
WrpNjo = 0- Gmagn = =R

wQ/O Amagn
WLpN /0
Wg/0 = 0= Ginagn = = Amagn (20)
! WHPN /0
WLpN /0
lePN/O =0 - Guagn = wa/0 = _(lmagn - 1)

4 Comparison between mechanical and magnetic gears

4.1 Transposition of mechanical epicyclic gear
arrangements

To obtain a magnetic interaction between permanent magnets rings, it is not
necessary to have the three concentric rings of the magnetic gear. Indeed, like the
mechanical epicyclic gears presented Fig. 2, it is possible to have different ar-
rangements with two internal permanent magnet rings or with two external per-
manent magnet rings as shown in Fig. 5. The arrangement with two internal rings
of permanent magnets has been studying by [11],[12] and [13], unlike the ar-
rangements shown in Fig. 5b and Fig. 5S¢ which have not been studied for the mo-
ment. For the magnetic gear arrangements shown in Fig. 5b, Fig. 5¢ and Fig. 5d,
the coupling between permanent magnet rings force to have a transverse flux in
pole pieces.

i Oa %/ i

Fig. 5 Magnetic gear arrangements with (a) a concentric internal and external permanent mag-
nets rings with a pole pieces ring, (b) a non-concentric internal and external permanent magnets
ring with a pole pieces ring, (c) two external permanent magnets rings and a pole pieces ring and

(d) two internal permanent magnets rings and a pole pieces ring.
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4.2 Kinematics

From Eq. (8) and Eq. (20), it is possible to compare in Table 1 the gear ratio of
the mechanical and magnetic gears depending on the fixed ring and the arrange-
ment. Table 1 shows that the kinematic behaviour in the same for the mechanical
and magnetic gears for the different arrangements and depending on the fixed
ring.

Table 1. Gear ratio comparison depending on the arrangement and the fixed ring

Fixed rings (mechanical and magnetic)

Config. WypN/o = WHTN/O = 0 WipNjo = WrTN/O = 0 Wo/0 = Wpcjo = 0
G _ Q9 G _ e G _ _Purey
Arrangement magn = ;}LPN magn = I%HPN magn gmv
Fig. 2a and Fig. N1 N2 _ _ZHTN
g caa d g Sa Gmech = Gmech = 5— Gmecn = — 7
Zirn Zurn LTN
G _ Q9 G _ e G _ _Purey
Arrangement magn = puew magn = Pirw magn , Py
Fig. 2b and Fig. N1 N2 _ Zurn-4ha
g band g 5b Gmech = Gmech = 5— Gmecn = — 7 7
Zirn Zurn N2-ZLTN
G _Q G _Q G _ Puen
Arrangement magn = Z}mv magn = I}HPN mag"Z ng
Fig. 2¢ and Fig. N1 N2 _ ZHTN-4N1
g cca d g 3¢ Gmech = Gmech =7 — Gmech = 7.7
Zirn Zurn N2-ZLTN
G _ 0 G _ @ G _ Puen
Arrangement maan = Z}LPN megn I%HPN magnz PLPg
Fig. 2d and Fig. N1 N2 _ ZurN-ZN1
g dand g 5d Gmech =7 — Gmech =7 — Gmech = 7 7
ZLTN ZHTN N 2-4LTN

4.3 Load distribution evolution

Due to the non-contact power transmission between the different rings of the
magnetic gear, contrary to the mechanical epicyclic gear, the permanent magnets
that correspond to the teeth of the mechanical gear can transmit continuously en-
ergy. A comparison can be made between the power transmitted by a tooth of a
mechanical gear and the power transmitted by a magnet of a magnetic gear. For
this, we consider that the fixed ring is the planetary carrier for the epicyclic gear
and the pole pieces ring for the magnetic gear. An example is given in Fig. 6
where the power transmission is performed for the mechanical epicyclic gear con-
figuration show in Fig. 3 (Zyrny =20, Zyry =40, Zy 1 =Zy,= 10 and N = 4) and
for the magnetic gear configuration show in Fig.4 (p.py = 2, pypy =5 and Q = 7).
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140+ e Torque transmitted with mechanical internal ring ( TLTN )
Torque transmitted with a tooth ( TT )
120 F — — Torque transmitted with magnetic internal ring ( TLPN )
— Torque transmitted with a magnet ( TM )
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Fig. 6 Load repartition evolution in function of the internal ring angle for a mechanical gear with
Zirny =20, Zyrny =40, Zy 1 =Zy =10 and N =4 and a magnetic gear with p;py =2, Pypy =5
and Q =7.

Fig. 6 shows that a tooth of a ring of a mechanical epicyclic gear transmits tan-
gential load only when the tooth is in contact with a corresponding tooth of a sat-
ellite. On the opposite, the magnets of the magnetic gear transmit tangential load
at every moment since there is a non-contact power transmission. It is then possi-
ble to express the percentage of the torque transmitted by a tooth T or a magnet
Ty according to the gear type defined in Eq. (21) where Ty 7y and T py are defined
in Eq. (3) and Eq. (16). It is also possible to express the utilization rate of a tooth
T or a magnet 7, according to the studied gear type defined in Eq. (22).

100
Tr (%) =—~
T'o%) 100 (21)
w(%) =
2.P1pn
100.N
O = (22)

Ty (%) = 100

This result contributes to demonstrate that the power density of magnetic gear
is higher than mechanical epicyclic gear power density [5]. The benefit of a mag-
netic gear over mechanical gearboxes is greater for high-torque application since
the number of teeth or pole increases more quickly than the number of satellites.
However, the permanent magnet costs slow down the development of magnetic
gear industrial applications.
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5 Conclusions

This article presents a comparison between magnetic gears with modulating
ring and mechanical epicyclic gears. It illustrates a kinematic analogy between the
two gears for different arrangements. On the other hand, this study shows that the
load repartition evolution is fundamentally different since a tooth of a mechanical
gear transmits the power intermittently while a magnet of a magnetic gear trans-
mits the power continuously. Magnetic gears have a high potential for applications
requiring high reliability and a high power and torque density such as offshore
wind turbines.
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