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ELECTROMAGNETIC, CONTINUOUSLY VARIABLE TRANSMISSION POWER SPLIT
TURBO COMPOUND AND ENGINE AND VEHICLE COMPRISING SUCH A TURBO
COMPOUND

BACKGROUND AND SUMMARY

- [0001] The pres’enf invention relates generally to turbe compounds and, more specifically, to an
3 electromagnetic, continuously variable tra_nsmission (CVT) power split turbo compoﬁnd.

[OOQ2] ‘Mechanical turbo compound engines ere Well known, such as shown in U.S. Patent
4,843,822, and gener_ally include a power iturbine pleced in the exhaust gas str'eam,vwith a
mechanical drive -codpling through appropriate gear reduction anc'iAa fluid or spring coupling,
driving the flywheel of the engine. In sueh fufbo cempound engines energy is recovered from

' the exhaust gas stream and re-applied fo the engine output shaft‘ reducing the brake specific fuel .
cohsumption, with the proviso that the rotational speed of the turBo comeound is determined by .
the rotational speed of the engine (crahkshéft). for a variety of reasons, it is deeirable to be able
to control the rotational speed of the power turbine independently of the engine’s (crankshaft.’s)
retational speed. | | | | |
[OOO3]' Electric turbo compounds have been proposed as a solution to many of problems |
associated With mecharical turbo compo'un(i_s. An electric turbo compound may iﬁclude a hlgh .
speed electricai generator connected directly to the poWer turbine, with associated pewer
electronics either as a passive rectiﬁef, or coﬁtrolled inverter. Once the generated eleetrical _
power has been.converted to DC (Direct Current) the electrical power may be stored or utilized-
immediately anywhere on the vehicle provided there isa si;itabl’e storage or electricai
transmission. For the recﬁperated exhaust power to be utilized to dﬁve the vehicle it_musjc be

reconverted to mechanical power.
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[0004] While such a system may provide the advantagevsof variable turbo compound speed, it is ’
at substantial cost 1n terms of system cOmpléxity and efficiency. Asan exampie, a system
dimensioned to allow the recuperation of 40kW of exhaust energy and the application of the
100% of the recuperatedvene.rigy to the crankshaft, Woulci require a high-speed génerator rated at
‘ 40kW, power electronics assoéiated with the conversion of the generated AC to DC rated at 40
kW, power electronics associateci with the conversion of the intermediate DC to AC rated at 40
kW and an electric machine rated at 40 kW. The efficiency would also be reduced by each
intermediate conVeréion. o

.A [0005] By applying a power-split electric turbo compound, the majority of the power can be
transmitted directly as in a mechanical turbo compound, with a minority porfion of the
recuperafed energy being converted to electricgl_ energy in such a manner that the turbo
compound speed may be varied indepegdéntly. Ina powe;—split electric turbo compound, a
Power Split Device (PSD) conﬁguratiénis traditionally accomplished utiliz;lng a mechanical
epicyclic gear. Such systems ténd to suffer from typical disadvantages of geared systems, such
as the need for lubriéatiqn, gear wear, jamming, noise, vibrafion, etc. Moreover, gear ratigis are
constrainéd by the dimensions of the gears in the epicycl_ic gear. Itis desirable to provide a
system that éan avoid some or all of these disadvantagés. |

[0006] In accordance w1th an asi)ect 6f the present invention, an electromagnetic, CVT bower
split turbo compound, comprises a turbo compound turbine driven by exhaust gases from an

: internal combustion engine, and é power éplit device comprisir}g a magneﬁc geaf arrangement.
The magnétic gear arrangement cémprises a high speed rotor comprising a first quantity of
perrrianent magnets, a low speed rotor comprising a second quantity of permanent ﬁagnets, and a

plural pole rotor between the high speed rotor and the low speed rotor. A first rotor of the high
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speed rotor, the low speed rotor and the plural pole rotor comprises a mechanical input drive
adapted to be driven by the turbme A second rotor of the high speed rotor, the low speed rotor
and the plural pole rotor compnses a mechanical output drive. A third rotor of the hlgh speed
rotor, the low speed rotor, and the plural pole rotor is unconnected toa mechamcal drive and
comprises a controllmg rotor for controllmg a ratio of input drive angular velocity to output drive

angular velocity.

BRIEF DESCRIPTION OF THE DRAWINGS.

[0007] The features and advantages of the pfesent invention are well understood by reading the
following detailed description in conjunction with the drawings in which like numerals indicate
similar elements and in which: |

[0008] FIG. 1is a side, schematic, partially cross-sectional view of a drive train of a vehicle
comprising an internal COmbustion engine with an electromeignetic, CVT power split turbo
compound according to an aspect of the present invention;

[0009] FIG. 2 is a side, schematic cross-sectional view of af electromagnetic, CVT power split.
turbo co'rnp‘ound according to another aspect of the present invention;

[0010] FIG. 3 is a side, schematic ctoss-sectional- view of an electromagnetic, CVT power split
turbo compound according to another aspect of the present invention; -
[0011] FIG. 4.is a side, schematic cross-_sectional view of an electromagnetic, CVT power split
* turbo cornpound according to another a_spect of the present invention; | |

[0012] FICi. 5 is a side, schematic cross-sectional view of an electromagnetic, CVT power split

turbo compound according to another aspect of the present invention;

W
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[0013] FIG. 6 is a side, schematic cross-sectional view of an electromagnetic, CVT power .split
turbo compound according to another aspect of the present invention; |

[0014] FIG. 7 is a side, schematic cross-sectional view of an electromagnetic, CVT power split
turbo cornpound accordmg to another aspect of the present invention; | |
| [0015] FIG.8isa 51de schematlc Cross- s-sectional v1ew of an electromagnetlc CVT power split -
turbo compound accordmg to another aspect of the present invention;

_‘[0016] FIG. 9 is a side, schematic cross—sectionél view 'ot’ an etectromagnetic, CVT power ‘,split

turbo compound ziccording to another aspect'of the present invention.

DETAILED DESCRIPTION

[0017] An internal combustion engme 21 compnsmg an electrornagnetlc CVT power split turbo
compound 23 is shown in FIG 1. The engme 21 comprises a turbocharger 25 mcludmg a
turbocharger turbine 25a and a turbocharger compressor 25b. However, the turbocharger 25 is |
optional. The turbo compound 23 comprises a poWer recovery turbine 27 (hereinafter “turbine”,
-“turbo compound ulrbine’;. or the like). driven by exhaust gases from the engine 21. An exhaust
conduit 29 connects the turbine 27 to the engine 21. | |
| [0018] The turbo compound 23 further comprises a power split device 31 (PSD) comprising a -
magnetic gear arrangement 33. The magnetic gear arrangement 33 comprises a high speed rotor -
35 (HSR) comprtsing a first quantity of permanent magnets 37, e low speed rotor 39 (LSR)
comprising a second ciuantity of permanent magnets 41, and a plural pole rotor 43 (PPR)
between the high speed rotor and the low speed rotor. The PPR 43 will ordinarily be designed to
minimize eddy currents, such as by forming them from a laminated steel structure, or froma

powdered metal material, often known as SMC, '(Soft Magnetic Composite). International Patent -
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- Applications WO 2007/ 144556 and WO 2007/125284 disclose embodimenfs of Iﬁagneﬁc gears
suitable for use in connection with the magnetic gear arrangement 33 and are incorporated by -
reference. ' | “ o

[0019] While not w1sh1ng to be bound by theory, the Basic principle of operaﬁon of magnetié
gears of the type presently contemplated for use iﬁ connection with aspects of the present
invention is that the magnetic field of one magnet rotor is co_upléd to the'sp.ace harmonic created
by the modulation of the maénetid .ﬁeld of the other magnet rotof by the pole piece rotor. As
with méchéniéal epicyclic gears, a magne{iq gear has a fixed ra;cio, from which one can
determine q{hef ratios at v&ﬁch the gear can be operated. With mechanjcal epicyclic géars, itis

: common to defme the ratio of angular velocities between the Sun gear, and the Ring gear with |

the planet Carrier stationary. In the case of mechanical epicyclic gears the “basic gear ratio’, k is

therefore:
. Pk withe, =0,
: @p R '

- where wg,w,,0. are the angular velocities of the Sun, Ring and Carrier respectively and Zo,Z,
are the number of teeth on the Sun and the Ring gear. By comparison with a mechanical
epicyclic, a ‘basic gear ratio’ can also be defined for a magnetic geér_transm_issién with the plural
~ pole-rotor (also referred to as a Pole Piece Rotor) stationary: In the case of a magnétic gear the

‘basic gear ratio’ is therefore:

@ (Lo T p witha,, =0,
Dpsp Prsr

where @5, @, ppz are the angular velocities of the High Speed Rotor (HSR), Low'Speed.

Rotor (LSR), and Plural Pole Rotor (PPR) respectivély, and Py, P g, are the number of magnet
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pai;'s on thé HSR and the LSR. The number of pole pairs, (a pair of N and S aligned magnet
poles) on both the HSR and the LSR are fixed for anf design, as are the numEer of pole. pieces of
. thé PPR. In thé mechanical gear arrange;nent%, all three eieinents are allowed to rotate,
introducing two degre;e:_s of freedom. ‘In such a configuration the fatio of angular velocities,
between the HSR and the LSR and the PPR is given by the eéuation:—

3 PyspOpsp + PLp@isp = (Psg + Prsg)@peg

[0020]‘ With three rotating elements aﬁd two degrees of ﬁ'eedom, and with one element‘
connected 't;), e.g., an input shaft and one element is connected té, e.g., an outi)ut shaft, the ratio
of ini)ut angular velocity .to oﬁtput angular velocity i§ determined by the ‘basic gear ratio’ and
the speed of therremainirvlg otherwise unconnected, “Controlling Rotor”. The r'aﬁo of input
angular yelocity to output angular velocity or the “transmission ratio” is able to vary
.continuously.

[0021] Tﬁe PSD 31 includes a first rotor 45 comprising a mechanical inplit drive 47 adapted to
be driven by the turbine 27, a second rotor 49 combrising a mechanical output drive 51, and a
third rotor 53 that is uﬁcomiected to a mechanical drive and,compxl'ising a _controlling’rbtor for

‘ controlling afatio of inpﬁt drive angular velo_gity to output drive angular velocity. The magnetic
gear 33 can be arranged with a variety of conﬁgurations, several of which ér_e illustrated in FIGS.
1-9, so that the first rotor can be one of the HSR, LSR, and PPR, the second rotor can'bc one of

_ _tﬁé HSR, LSR, and PPR, and the third rotor can be one of the HSR, LSR, and PPR. In the
embodiment shown in FIG. 1, for purposes of dis'cussioﬁ, the first rotor 45 is the LSR 39, the
second rotor 49 is the PPR 43, and the third rotor 53 is fhe HSR 35. The mechanical .input drive
47 and the mechanical output drive 51 are illusﬁéted as axial connebtiohs, however, it will be

appreciated that they can be axially offset connections, such as by providing appropriate gearing.
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(0022] A control arrangement 55 is provided for controlling a speed of rotation of the third rotor
53 to thereby control the ratio of input drlve angular velocity to output drive angular velocity
which, for the emhodiment of FIG. 1, is the ratio of angular velocity of the LSR 319, LSR, to the
angular velocity of the PPR 43, wppr. The. control arrangement 55 comprises a stator 57 and the
third rotor 53. The third rotor 53 and the stator 57 form an electric machine 59 adapted to
generate electrical power upon rotation of the third rotor relative to the stator, i.e., generate
electrical power through deliverﬁf of mechanical power. The electrical power generated can he
stored in a storage device such as a battery 61 or‘utilized to drive another machine, such as
through a linkage to an existing electrical system such as the electrical system 63 in a vehicle 65
(schematically shown in phantorn in FIG. 1) which may be, for eyrample, a conventional vehicle
with electrical components or a hybrid vehicle. The electric machine 59 vﬁll ordinarily also be
‘able to function as-a motor, i.., generate mechanical power by causing rotation of one or more
rotors upon delivery of electrical power to the electric machine from, e.g., an electrical power
storage device 61. | | | | |
[0023] The control arrangement 55 will ordinarily comprise a control_ler 67 for controlling the
ratio of input drlt/e angular velocity to output drive angular velodlty by, e.g., controlling an

‘ amount of electrical power generated by the electric machme mcludmg whether the electncal
power generated is positive (e.g., generator operatlon) or negative (e.g., motor operatron) The

_ controller 67 will ordinarily comprise a computer such as an Electronic Control Unit (ECU) a.nd
may comprise other'components that perform non-computatlonal tasks. For example, the
controller 67 might be required to control electrical current(s) in phase winding(s) of the
—ﬁelectrical machine in euch a way that the required torque is generated. This is normally achieved

by power electronic devices controlled by a microcontroller in a way well-known to persons
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skilled in the art. The purpose of the power electronic devices is to control the flow of electrical
- power. |
[0024] The engine 21 will ordinarily irlclude or be coupled to (e. g.‘, via a crankshaft or coupling
68) aload 69 such as a ﬂywheel; etc., and the mechanical output drive 51 of the PSD 31 will
-ordinarily be linked to the load By any suitable linking arrangement, such as by ﬁxed gearirrg.
The controller 67 can be arranged to control delivery of_ electrical power, e.g., from ttre power
storage device 61, to the electric machine 59 to, e.g., turn the crankshaft 68 via mechanical -
power generated by the electric machine. The mechanical input drive 47 may be pret/errted from
~ rotating such as by provrdrng a lock-up arrangement 73 between the mechanical input drive and
the turbme Sucha lock-up arrangement 73 could be snmlar to A clutch system, or a friction
| break, or an mterlockmg element, e.g. a pin or pawl, actuated electromagnetically, hydraulically,
pneumatically or mechanically. In this way, rotation of the first rotor 45 during start-up/engine
crankrng can be prevented so that the torque of the electrical machine 59 is applied to the
crankshaft. Ifitis a controllable lock-up arrangement 73 controllable by the controller 67 (as
indicated in FIG. 1 by the dotted line connecting the controllable lock-up arrangement 73 and the
controller 6-'7), it may also be benet'rcially actitfated during an engine braking mode. Irrstead ofa -' '
-> controllable lock-up arrangement, a “freewheel” or ratchet-type connection beﬁyeen the
‘mechanical input drive 47 and the turbine 27 might be used to prevent rotation of the first rotor
45 during start-up/engine cranking so that the torque of the electrical rnachine 59 is applied to the
crankshaft 68 .
[0025] ‘While it is presently contempiated that most PSD 31 designs will ordinarily use the
magnetic flux of either the HSR or LSR magrrets as tlre.tlrird or corrtrolling rotor 53 in the

magnetic circuit of the controlling electric machine 59, it is also possible that the PPR could be
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‘used to control the transmission ratio. To use the PPR 43 as a controlling rotor would be
conceptually equivalent to combining a conventional electric machine With a r_négnetic gear as a
power split device, and \;oqld require a secondary magnetic circuit. Such a configuration is not,
however, _exclhded, and the coﬁﬁguration of bHSR 35,LSR 39, and PPR 43 is not limited to the
configuration shown in FIG. 1, as is sthn in FIGS.‘ 2-7. |
¢ FIG. 2 shows a turbo compound 223‘ whereiﬁ the first rotor 245 is ;che PPR 43, the second
1;otor 24§ is the LSR 39, and 'the. third rotor 253 is the-HSR 35.
. FIG. 3 shows a turbo compoﬁnd 323 wherein the first rotor 345 is the PPR 43; the second
| rotor 349 is the HSR 35, and fhe third rotor 353 is the LSR 39.
e FIG.4 sho§vs a turBo compound 423 wherein the first rotor 445 is the HSR 35, the second
rotor 449 is the PPR 43, and the third rotor 453 js the LSR 39.
e FIG. 5 shows a turbo compound 523 wherein the first rotor 545 is the HSR 35, the second
rotor 549 is thé‘LSR 39, and the third rotor 553 is the PPR 43
e FIG. 6 shows a turbo compound 623 wherein the first rotor 645 is the LSR 39, the second - ‘
rotor 649 is the HSR 35, and the third rotor 653 is the PPR 43. |
[0026] In addition to serving different functions as the first rotor, the _sécond rotor, or the third
-' rotor in a given the PSD, the HSR 35, the LSR 39, and the PPR 41 éan be arranged in a variety
of different physical configurations. FIG. 2, for exam_ple,‘ shows the HSR 35 as an outermost
rotor of concentrically arranged ‘ﬁvrst, second, and third rotors 245 , 249',. and 253, while FIG. 4
shows that théHSR 35 cén be an innenhost rotor of concentrically érranged first, éecond, and
third rotors 445, 449, and 453, |
[0027] FIG. 7 shows that, where the HSR 35, the LSR 39, and the PPR 41 are arrangéd

concentrically, the HSR 35 may be both radially interior of and radially exterior of the LSR 39.

N
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In this embodiment, the HSR 35 functions as a third rotor 745, and the LSR 39 can be éithér the
first or the second rotor. | | | |
[0028] In the embodiments shown in, e.g-;; FIG. 1, a flux ‘path betwéen the first rotor 45 and fhe
second rotor 49 (and between the first, second_,“and third rotors 45, 49, and 53) extends radially
relative to an axis of rofation of the first rgtor and the seéénd ;otor«. FIG. 8 shows an
arrangement wherein a flux i)ath between the first rotor 845 and the second rotor 849 (and -

_ 5etween the first, second, and third. rotors 845, 849, and 853) extends axially relative to an axis

~of rotation of the first rotbr and the second rotor. |
- [0029} Iﬁ the embodiments shown in,.e.g., FIG; 1, a flux path bétween the first rotor 45 and the
sécdnd rotor 49 extends radially relative tb an éxis of rotation of the first rotor and the second
rotor, and a flux path between the third rotor 53 and the stator. 57 extends radially relative to the -
axis of rotation of the ﬁrst rotor and the second rotor. FIG. 8 shows an embodiment wherein a
flux path between the first rotor 845 and the second rotor 849 extends axially relative to an axis
of rotation of the first rotor and the second r;)tor, and a flux path-bet\'rsfe.en the third rotor 853 and
the stator 857 extends axially relative to the axistof fotaﬁon of the first rotor and the second

- rotor. FIG. 9 shows an embodiment whérein a flux path between the first rotor 945 émd the
- second rotor 949 extends radially relative to an axis of rotation of the first rotor and the second
rotor, and a flux path between the third rotor 953 ap_d the stator 95i extends axially relative to the
axis of .rotat-ion of the first rotor and the secon& rotor. |
- [0030] There are a variety of advé.nt_ages available 1n utilizing a CVT in a turbo compound |

.. according to aspecté of the present iﬁvention. For example, with an independent power turbine
27, the speed of the turbine can be optimized with regards to low fuel consumption for the engine

21. Atlow engine loads the turbo compound can be controlled to idle and a higher amount of

10
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~ exhaust energy can be recovered compared to a turbine with a fixed rotational speed. At high
engine loads and low engine speed the turbo compound can be run at a more optimal spe.ed.to.
increase the exhaust energy recovery. |

[0031] To 111ustrate ina pamcular de51gn of a power turbine and engine, at Jow engine loads
and high engine speeds the optimal amount of power mlght be extracted from the exhaust gas by
. the power turbine when 1t is operating at approximately 20 times the rotational velocity of the
crankshaft. At high engine loads and low engine speeds the optimal amount of power might be
extracted from the exhaust gas by the power turbine when it is operating at approXimately 90

. times the rotational velocity of the crankshaft. The rauge of ratios given ahove, 20:1 to V90: 1,are
specific to one particular design of power turbine and engine, and will vary for different designs
of power turbines and engines. However the advantage over selecting a fixed gear ratio betuveen
turbine and crankshaﬂ can be seen. If a fixed gear ratio is chosen in between the minimum and
maximum ideal ratios, when the engine is at high loads and low speeds the power turbine will be
operating below the speed at which the maximum system‘ efficiency is achieved. Conversely at
low loads and high engine speeds'the poWef turbine will be operating aboue‘.the speed at which
the maximum system efﬁciency‘ is achieved.-

| [0032] Another advantage available through aspects of the present invention relates to the
possibility of recuperatlng (as turbo compound turbine power) some of the mcreased engine
pumpmg loss that occurs when increasing the exhaust back pressure in order to increase the EGR
amount. For example, a four stroke engine must do work to evacuate the exhaust gas from the
cylinder during the exhaust stroke. When more re-circulated exhaust gas is required, (e.g. for
emissions control) the back pressure against which the engine works during the exhaust stroke

increases, thus the engine does more work on the exhaust gas, which is normally lost. Witha

fe—y
ot
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turbo compound, in_whjch the turbine speed is decoupled from the crankshaft speed, a larger
proportion of the pumping work done on the exhaust gas can be recovered, by controlling the
speed of the cont_;olling fotor su;:h that thg optimai turbine speed is obtained even during
transients.
[0033] Another advantage available through aspects of the present invention relates to improved
acceleration by increasing th¢ speed of a variable turbo comi)ound in order t6 increase the
| pressure drop over tﬁe turbo charger, and t,heréby to reduce turbo lag, i.e., the delay before the.
turbo cha;ger is able to provide the desired intake pfessure. The turbocharger’s compressor is
driveﬁ by the turbocharger’s turbine, up-stream of the turbo compound in the.exhaust flow. The
“power applied compressing the intake charge is dependent on the power extracted from the
exhaust gas by the tqrbocharger’s turbine. The power provided to the intake compressor, and
_therefore the turbo lag, is therefore dependent on the presgme difference across the turbocharger
turbine, and therefore turbo Iag can be improved (reduced) by increasing the préssure drop.
[0034] By using a magnetic gear PSD, various advantages are available including no gear wear,
inherent overload protection, no jamming, physiéal and electrical isolation between sHaf‘_cs, no
need for lubrication, redﬁced maintenan;e and improvéd reliability, réduced noise/vibration,
‘removal of the need for expensive ﬂuid coupling. By using a magnetic gear PSD, still further
advantages are available inclucﬁng physical and electrical isolation between shéfts._ Physical
isolatidn méy be édvantageous ‘as the transmission cﬁn operate'through a membrane, such that
| fluids, e.g., lubricants or gasses may be separated-from ;)ne side of the transmission to the other.
Electrical isolation ﬁlay be advantageous in faulted conditions. It also may be advantageous in
feducing parasitic circuiating curreﬁts, often called bearing-cvurrents which can cause prexﬁature

failing of bearings.

pommb
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[0035] Further, integreltion of a magnetic circuitlof' the gear with an electric machine can
massively reduces system packelging volume. Unlike a mechanical epicyclic, gear ratios of the
magnetic gear PSl) are not constrained by the dimensions of the gears and the géar can be
effectively “turned inside oqt’-’ with the inner »shaﬁ either fasler or slovsler than th¢ outer shaft.
[0036] :Using an elect;omagnetic CVT power split turbo compountl offers adyantages inclu(l'ing‘
a reduction in the rating of electrical compoﬁents as only the controlling fraction of the rated
power need be converted to electrical power arld then l)ack. The electromagnetic CVT split‘
turbo éompound can have highér.eﬁiciency as only the controlling fraction of power is converted
to electrical power and then back through lo.ssy conversions. Design comi)lexity can bé reduced
‘because, for example, uliliz;’ng the gearing effect to best advantage can allow the rated speed of
the electric machine to be placed in a suitable range, é.llowing easy, and él"ﬁcient control of it, a
reduction in iron losses, étc. |

[0037] Using an electromagnetic CVT poWer split turbo compound can also result in a
-substantiél reduction in the.c.ost of power electronic convel*sion components. There can also bé a
- reduction in system cost and complexity. As only a fraction of thé system power is converted to
eleclrical pclwer, the need for é_xl)ensive “mild hybrid” systerlx cosls are pdssibly removed all
together. For example, of a A40kW turbo c&mpou.nd system, the fraction qf power requiréd for
controlling the variable gear ratio could be in the order of 10kW. The cclntrolling fraction whlch
is generated elecl:xfically could be utilized in the exisling vehiéle electrical architecture, poésibly .'
replacing the alternator further reducing systelll cost and increasing efficiency.

[0038] A system according to an aspect of the present invention may avoid all of the costs
associated with converting electrically generated power ﬂl)w back to a propulsive power flow, if .

the vehicle electrical architecture is suitably configured. As an example, other engine ancillaries

Jawnd
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such as cooling- fans méy be driven electrically, increasing théir ef_ﬁciency, instéad of returhing
the power to the crankshaft.

[0039] In the present application; the use of terms such as “including” is open-ended and is
intended to have the same meaniﬁg as terms such as “comprising” and not preclude the presence
of 'bther structure, material, or acts. Similarly, though the use of terms such as “can” or “may”‘_is
intended to be open-ended and to réﬂect that struéture, fhaterial, of acts are not necessary, the
failure to-use such terms is not intended tq reflect that structure, material, or acts are essential.
To the extent that structure, material, or acts are presently c-onsid'c_ered' to be essential, they ére
identiﬁed as such. - |

[0040] While this invention has been illustrated énd descﬁbed in accordé.nce with a preferred
embodiment, it is recognize;,d.that variations and changes may be made therein without departing

from the invention as set forth in the claims.
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WHAT IS CLAIMED IS:
1. An electromagrietic, continuously variable transmission power split turbo compound,
comprising:

a turbo compouild turbine driven by exhaust‘ gases from an internal combustion engine;
and | |

a power split device comprising a magnetic gear arrangement, the magnetic gear
anangoment comprising a high speed rotor comprising a first quantity of permanent magnets, a
low speed rotor comprising a seoond quanﬁty of oonnanent inagilets,' and a plural oole roior'
belwee‘n the high speed rotor and the low speed rotor,

a first rotor of the high speed rotor, the low speed rotor, and the plural pole rotor
comprising a mechanical input drive adapted to be driven by the turbine,
" a second rotor of the high speed rotor, the low speed rotor, and the plural pole
rotor comprising a mechanical output drive, and
| a third rotor of tho high speed rotor, the low speed rolor, and the plural pole rotor

being unconnected to a mechanical drive and comprising a controlling rotor for oonfroning a

ratio of input drive angular velocity to output drive arlgular velocity;

2. The electromagiietic, continuously variable transmission power split turbo compound as set
forth in claim 1, comprising a contvro_lv arrangement for controlling a speed of rotation of the third

rotor to thereby control the ratio of input drive angular velocity to output drive angular velocity.

3. The electromagnetic, continuously variable transmission power split turbo compound as set

forth in claim 2, wherein the control arrangement comprises a stator, the third rotor and the stator

'1;

-
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forming an electric machine adapted to generate electrical power upon rotation of the third rotor-

relative to the stator.

4. The electromagnetic, continuously variable transmission power split turbo compound as set
forth in clairr; 1, comprising a stator and a cqntroller, the stator and the third rotor forming an
electric machine adapted to generate electrical power upon rotation of the third rotér relative tb
the stator, the controller controlling the ratio of input drive‘ angular velocity to output drive

angular velocity by'controlling an amount electrical power generated by the electric machine. .

5. The electromagnetic, continuously variable transmission power split turbo compound as set
forth in claim 4, comprising an electrical power storage device connected to the electric machine

so that electrical power generated by the electric machine is stored in the electrical power storage

device.

6. The electromagnetic, continuously variable transmission power split turbo compound as set
forth in claim 5, wherein the controller is arranged to control the electric machine to generate
mechanical power upon delivery of electrical power to the electrical machine from the electrical

power storage device.

7. An internal combustion engine compﬁsing the electromagnetic, continuously variable
transmission power split turbo compound as set forth in claim 6, the internal combustion engine
comprising a crankshaft, the mechanical output drive of the power shift device being linked to

the crankshaft and the controller being arranged to control délivery of electrical power to the

16
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electrical machine to turn the crankshaft via mechanical power generated by the electrical

machine.

8. The internal combustion engine as set forth in claim 7, wherein the mechanical input drive is

connectable to and disconnectable from the turbine vunder control of thg controller.

" 9. The electromagnetic, continuously variable transmission power split turbo compound AS set

forth in claim 1, wherein the first rotor is the plural pole rotor.

10. The electromagnetic, continuously variable transmission power split turbo compound as set

“forth in claim 9, wherein the second rotor is the low speed rotor.

I1. The electromagnetic, continuously variable transmission power split turbo compound as set

forth in claim 9, wherein the second rotor is the high speed rotor.

12. The electromagnetic, continuously variable transmission power split turbo compound as set

forth in claim 1, whe;ein the first rotor is the high speeci rotor.

13. The electromagnetic, continuously variable transmission power split turbo compound as set

forth in claim 12, wherein the second rotor is the plural pole rotor.

- 14. The electromagnetic, continuously variable transmission power split turbo compound as set

forth in claim 12, wherein the second rotor is the low speed rotor.
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- 15. The electromagnetic, continuously variable transmission power split turbo compound as set

forth in claim 1, wherein the first rotor is the low speed rotor.

16. The electromagnetic, continuously variable transfniSsion power split turbo compound as set

forth in claim 15, wherein the second rotor is the plural pole rotor.

17. The electromagnetic, continuously variable transmission power split turbo compound as set

| forth in claim 15, wherein the second rotor is the high speed rotor.

18. The electromagnetic, continuously variable transmission power split turbo compound as set
forth in claim 1, wherein the high speed rotor is an outermost rotor of concentrically arranged

first, second, and third rotors.

19. The electromagnetic, continuouély variable transmission powér split turbo compound as set
_ forth in claim 1, wherein the high speed rotor is an innermost rotor of concentrically arranged

first, second, and third rotors.

20. The electromagnetic, continuously variable transmission power split turbo compound as set
forth in claim 1, wherein a flux path between the first rotor and the second rotor extends radially

relative to an axis of rotation of the ﬁrst(rotor and the second rotor.



WO 2010/082893 PCT/SE2010/000003

21. The electromagnetic, continuously variable transmission power split turbo compound as set
forth in claim 1, wherein a flux path between the first rotor and the second rotor extends axially

relative to an axis of rotation of the first rotor and the second rotor.

22. The electromagnetic, 'continuo‘usly variable transmission power split turbo compound as set
forth in claim 1, 'comprising a stator, the third rotor and the stator forming an electric machine

adapted to generate electrical power upon rotation of the third rotor relative to the stator.

23. The electromagnetic, continuously variable transmission power split turbo compound as set
forth in claim 22, wherein a flux path between the first rotor and the second rotor extends

radially relative to an axis of rotation of the first rotor and the second rotor.

' 24. The electromagnetic, continuously variable transmission power split turbo compound as set
forth in claim 23, wherein a flux path between the third rotor and the stator extends radially

relative to the axis of rotation of the first rotor and the second rotor.

25. The electromagnetic, continuously variable transmission pdwer split turbo 'cbmpound as set
forth in claim 23, wherein a flux path between the third rotor and the stator extends axially

" relative to the axis of rotation of the first rotor and the second rotor.

26. The electromagnetic, continuously variable transmission power split turbo compound as set
forth in claim 22, wherein a flux path between the first rotor and the second rotor extends axially -

relative to an axis of rotation of the first rotor and the second rotor.

19
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27. The electromagnetlc contmuously vanable transmission power spht turbo compound as set
forth in claim 26, wherem a ﬂux path between the third rotor and the stator extends radially

relative to the axis of rotation of the first rotor 'and the second rotor.

28. The electromagnetie, continuously variable transmission power split turbo compound as set
forth in claim 26, wherein a flux path between the third rotor and the stator extends axially

relative to the axis of rotation of the first rotor and the second rotor. -

29. An internal combustion engine comprising the electromagnetic, continuously variable

" transmission power split turbo compound as set forth in claim 1.
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