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PCT/ AU98/ 00275 1 TI TLE HYBRI D PROPULSI ON SYSTEM FOR ROAD VEHI CLES FI ELD OF
THE | NVENGSB8/97732 This invention relates to Mpé&rMeoRoNnas
systens for use in propelling vehicles. The invention particularly rel ates
to notive power systens which include an 1arrangerrent of two or nore power
units coupled to a transm ssion, commonl ly] termed "hybri d" propul sion
systens, for road vehicles such as omi
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(c) suburban transit operations, typically travelling from 100 to 200 km/day; and
(d) long distance transit operations, typically travelling 400 km or more each day.
Table 1 (overpage) sets out some typical operating parameters for each of
these categories. The parameters include the average number of stops likely to be made by
20 the omnibus per kilometre, the hours of operation per day, the opportunities available to
replenish the battery energy source, if used, the relative requirement for smooth vehicle
operations, the relative importance of energy regeneration and transmission efficiency, and
the number of passenger seats. It will be appreciated from the following parameters, that a
wide variety of road load environments are encountered during omnibus operations. Such
25 road load environments call for significant flexibility in specifying propulsion systems for
these vehicles.

For the purposes of the specification, categories (a) and (b) will be hereinafter
collectively referred to as “non-transit™ operations, whilst categories (c) and (d) will be
hereinafter collectively referred to as “transit™ operations. Conventional omnibuses are

30 generally propelled by a relatively high powered compression ignition engine fuelled by
diesel. In some cases, typically for non-transit operations, omnibuses may be propelled by

electric motors supplied from storage batteries.
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TABLE 1 - Typical parameters for vehicle operating categories

The problems and drawbacks with these propulsion units include, in the case
of compression ignition engines, high noise levels, environmental pollution and high fuel
consumption resulting from operating at part load or idle for long periods. Omnibuses for
transit operations are traditionally powered by diesel engines with power outputs in the range
of 140 to 185 kW and typically the engine and transmission have a combined mass of 500
to 800 kg. The engine is usually coupled to an automatic transmission with 4 or 5 gears, with
more recent variants including a lock-up torque converter in the top two gears. A halfloaded
12 metre omnibus travelling at 60 km/h has approximately 1.8 MJ of energy, this is

equivalent to 100 kW of continuous power available for absorption during a relatively slow

i al
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Turning to conventional electric vehicles, a significant problem is the low

energy density of standard batteries, such as the lead acid type, along with the relatively high
capital cost of suitable power electronic systems for implementing regenerative operations.
Furthermore; reduced vehicle performance is experienced as the batteries approach a low
25 state of charge. Traction batteries typically possess an energy density of about 100 kJ/kg at
a 3 hour rate of discharge, but only about 50 kJ/kg at a 30 minute rate of discharge.

Conventionally battery packs in electric vehicles constitute up to 30% of the vehicle mass.

It is extremely difficult to transfer more than 70% of vehicle kinetic energy
30 back into a battery pack of the above mentioned mass. For example, if a vehicle was braked
from 60 km/h for 10 to 12 seconds, the electric machine and electronic system would need

to deliver 50 W/kg to the battery at an efficiency of perhaps 80% for the electric machine and



in order to be conpatible with normal traffic, which requires peak powers
of around 15 kWt 5 of vehicle mass. For exanple an AC nmachine rated at
180 kW f osweposrersng an omni bus has | arge | osses when del i vergmguesion2zsver age
| evel road power of 40 kW The prior art,is replete with exanples of hybrid
propul si on systens for vehicles mherein 3 conbusti on engi ne and an

el ectrical ratl as a nDt are u o ro |SIO uny .t usS
patent | No. 895 4005 helEG. el 15 a8 o prallaemSleficp SEER 2 iR Braidng ot igfer
arrangenme e\é&e | effidencis afa%é O AP Elebliic\@ivetil ﬁot/f'éauglsﬁue& td Q¥p-3RGEds
or in traf i1st an internal conbustion engine driveS the vehicle In

hi ghway cr opaatltgls TFoetherimore,the elesiricimachine Ieas pphaveca fuffieiehtlyl highqtowen aatingC/ DC

power converter and is operable as.a nerator t.o charge sto atteries,
during br alafgerde b FP%‘HP‘Eq%ie nAgnal @P@ﬁpﬁ&E@%ﬁ% FekWdt i ve

the vehi cl I Al sky
o T ol 35 iy IPMCM%&?W%T%EW 4P bl 8Tne Al e b

pr OIOUI Si ONjavgd lbﬁseﬁWheﬁﬂeﬁv@frtg\khdevdi@gﬁ%vwraacﬁpdv@érwfaowrl ng device coupl ed

directly to a vehicle's final drive. The specification also includes a

useful review of pri aheaxmrmrbmeslemnmt}nswmlew bybrih propnlsies 6pdess fatang)

I s anot her r|.d pr uI si,on of,.this t US Pat ent
No. 5919143 HELE WEeiein &poRBhstionZhgRS ait AR sfel oS iuBrhite eppratiTE o5 8 motol A8t o 1
only one p POs!

further exg%ua{essﬂlrgfsl%ll|M§*é%E)uzéédgilsnmljesr;t %gdtag%‘tlﬁl\zrom%{ééfg% &Eigﬁ%ér}ad ?'H{Chy br%’ll ch
happdds t oawangemyent ndnermdamAGmﬂmmnanomdhwhhe Ivehmletdh éow ispexids dr m/&afﬁés

set out in Severinsky the cost, ght, and inefficiency linit the

per f or manc@hyst gremt@ah‘m%h?y 5%815? eﬁm%the veligledn pghwayesraisings d'he elestric

DYt PR N OB RGP e 4 B

combi nat i oo cHadge ﬂﬁﬁgebatﬁdifi%&,g vuriy braking oftifomn ﬂﬁteﬁgméu Bdnlgpfvgalﬁdignﬁtrs may
downhi || running situations for re-use in accelerating and driving the

vehi cl e. U gethezdrivaithe vebirle duringagceleration o1 hill climbing ss@@hens ehagt s@veamky

hydrawl i ¢ machi ne |n a ara h R eW”ent |nc udi n a.n |nternal
combust i on 2HABFFRY A, 1%18* %ﬁgg%‘fqé‘géﬂ@ ?y (o bﬁ PESERT e,
in one for @hch;»gmwd wr nfwfor@w dhafihg aeﬂb@wipmfdls&ay t6aSRARIeYs ﬁﬂaltdi*ﬁre
final drive. raulic punp/notor is supplied by a series of high

pressure hSTdtleapemﬁcmnutml intlodes 4 uneﬁdtravlcwg)f forior art prapidsioresystenzsa 52 Patedt t o
th duri ' . ' d. f th d I

5 ot of | ng St SERESAALAAHE 1 EPbShrEpTe B3 BT HUOBRED RAtEn GRS Ee. o
configuration is di sqhopg %nf NoU§3fﬁt49”§Ba't\£ et W3 3020 ekBF R ALeRs hbrid”

desi gned for vehicles conducting non-transit type start-stop operatfons,
such 205 CBWvHemsiasonly one propulsion unit supplies torque directly to the final drive. A further
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example is disclosed in US Patent No. 5515937 (Adler et al.), which happens to employ
individual motors at each wheel in the final drive. As set out in Severinsky the cost, weight

and inefficiency limit the performance of series hybrid type propulsion systems.
There also exist hybrid propulsion systems which employ subsidiary energy
25 storage systems, other than the ubiquitous electric machine and battery combination, to
recover energy normally dissipated during braking or downhill running situations for re-use
in accelerating and driving the vehicle. US Patent No. 4441573 (Carmen et al.) describes an
engine and hydraulic machine in a parallel hybrid arrangement, including an internal
combustion engine and a variable displacement hydraulic pump/motor coupled, in one form,
30 by a power splitting planetary gear assembly to the final drive. The hydraulic pump/motor
is supplied by a series of high pressure hydraulic accumulators for storing fluid pressure,

transferred to them during regenerative pumping or supplied from them during propulsive
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20 to provide additional power for repeated acceleration or ascending long grades when the

hydraulic accumulator supplying the hydraulic machine is depleted. In a further example,

the second engine comprises another hydraulic machine which is broadly similar to the
Kriegler configuration.

Whilst it is apparent from the above discussion that hybrid propulsion systems

25 using a combination of combustion engine and electric machine/battery or a combination of

combustion engine and hydraulic machine/ accumulator and/or flywheel are known, the

combination of electric machine and hydraulic machine/accumulator is much less often

employed in practice. A hydraulic propulsion unit employing a nitrogen oil accumulator

operating at 345 bar exhibits an energy density of about 1.5 kJ/kg and allows a relatively high

30 rate of energy transfer, both to and from the accumulator. However, high power levels

require large hydraulic machines which are conventionally clutched out of service when not

needed for propulsion or retardation.
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20 charge during low speed high rate acceleration from zero speed, the pressure drop due to

cooling of the gas necessitates a small energy addition to accumulators with power levels of

the order 3 kW when the vehicle is stationary. This energy addition should be the normal

method of utilisation of accumulators in hybrid systems and is of utmost importance in

electric powered vehicles. Accordingly the necessary energy addition is likely to be a major
25 factor for their present non-use in electric hybrid vehicles.

The kinetic energy at 80 km/hr, the normal maximum speed for 12 tonne
transit omnibuses, is approximately 2.9 MJ. This kinetic energy minus the drag energy has
to be stored at rates of approximately 200 kW for the 10 seconds required for a very rapid
stop if full regeneration of energy is required. However, the actual acceleration requirements

30 are somewhat less, being spread over 15 to 20 seconds, requiring a very large wheel torque

in the speed range up to 30 km/hr.
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Chr o0 or ORIy s dn g 86 ARyl SR HRkE P 1EE ot ish i nG Ve e
vari abl e rpaghdedas HRREhicl0 RS thetiwiRel HobRIBY AthSiRufPeeld e thd ireae s

German Patent Application No. 3842632 (MAN Nut zf ahr zeuge AG descri bes a
syst em i ncdtatitimagy and vioe versal Ifetaciricsmacmnesraye nseddn pradyseiarcoufinpshavdriable

notors coupled to a planetary transm ssion, alon 1th an 20, ., _e|lectrical
Tachi ne. wHFRmissien (F¥Ebdhe ioson <F°m%%te$ to Hisediiyaoshati han O TRa el Bl e
as a notor j r - n .0 | ng
fhe batt ergoUtALE o ERhiEh R RP PR AlnBul, ARCRESAbi S el 84 "2
f I ui gof uel intiadtionfmstos itypicalledicsctly coupledfin enaigisingibt fiyevheely Alkhoughrhedr e

storage means. The propul sion units described in the MAN specification are
connect ed machinpmay be considerablsmation dan s nagin|drive gacien dvduckipn mashines daveach

cover al - TRV PR bieR abSas. s Mbbordinelf a i RN P AT thaciie is
rel ativel ygdratAR RY6irat| Sectedcigh@ChdviehigReddy 8Srdnt 288 dktetRisiRte St high

sufficient torque, particularly when accélerating the omibus. In one node
of oper at i frequeney,evigramodt ofithe kimefic esdarghiscteretli ¢ nmachi ne as a punp whi ch

Second machi ne whi chAHBTLCTREoG TGP BRARHISAR SRS ie Ligse MLCORRIEY Hirge
Cors! et ahke g eese ke skl od Ichibel ik Wi oIS
crui se is chiditiorsg whylsc Btaergptirgy fonthaximiSe efficiéivygi Germhdre Phteht @ipplicativieNo.
transfer fromthe engine is likely to be inefficient because the hydraulic
machi ne t r 3FAARE éMAIg Azihrzeu fdesqribes atswtelpdmlndmzmpmadtqonéuﬁm i d
AR C s T S W T
20 electrical machine which is clutched to a flywheel. The electrical machine is operable as a
motor supplied from a storage battery and as a generator for charging the battery. The system
described relies on the battery and (presumably) a fluid fuel tank for storing energy but does
not include any fluid pressure storage means.
The propulsion units described in the MAN specification are connected to a
25 very complicated epicyclic gearbox through which each unit transfers all its power to the
final drive. This arrangement has several inherent operational drawbacks, including the
requirement for relatively large hydraulic and electric machines in order to deliver sufficient
torque, particularly when accelerating the omnibus. In one mode of operation the engine
drives a first hydraulic machine as a pump which transmits power (via the interconnecting
30 hydraulic circuit) to the second machine which acts as a motor to drive the tail shaft. There

are considerable losses associated with the clutching of the first hydraulic machine between

different gears in the gearbox. As engine load levelling at cruise is obtained by charging and
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5 art attenpts to address these problens conbined with the relative
absence of such systens i n volume conmmercial production is itself

i ndicativ §§? g failure to identify a satisfactory solutiﬁ@NAgﬁﬁﬁgy COF
THE INVEhﬁY Is an object of the present invention to provi a hybrid
propul si on systen110 for a road vehi cBe which aneliorates or overcones
at | east sone of the problens associated with the prior art. It is a

pref erred disghargingthebatery,poveritiansfeniromdhe ehgine islikely do pe umﬁﬁ@mtrbesa}useém
which is s for . use in non-tr it rations i s a anot her
preferred ﬁ‘{é’%‘gl"IB?cwlFFeWﬁ{h'%gp‘%’tB;@?ﬁg#’ﬁ%qv&“propul sion 15
system which i's sui t eflod QlisthiEhybAd piopifsidn GHRIRUSHAPEER fikoer bf dlabviihcke!
anot her preferred object of hé 1 n tion o provi de a nethod for
controlli ngmbdxkn;lbantdgqsnmpelhdemd partitwlariyhinaibus epérations. THheiwite earidty of prior

ef ficiency of operation of eac ropul sion unit _in the system  Furt her
obj ecPs wi At aENRLS Q) e$¢6$rtb?ﬁetm%b%FWF cempmgd faththe selative absengy of spelssystenes-

THE | NVENT. r
or opul si ont"s{ppe Porbeitiel B pn i Wsel AR L RS iR bRl Fllstepropy
conpri Si NQsolifign. a power spl | tting rrechanl cal transm ssion for coupling to
a tailshaft of the vehicle; @T@Ft a first drive unit arranged for

regenerative operation and COL@B THEMN'H}QNt ti ng mechani cal

transm ssion; (c .Sec nd dr.ve unif. arran rati eration
and coupl ed, i ﬁ\d)epengéﬁ?‘?g S?toé’él?ecprf:ﬁepgpvmqo\y °Bﬁ?‘?&°?§9l§l?1‘gplf98\‘l}§?°% S i ng
mechag cal f&rra%BﬁWe?x?dl@Whacﬁ@neho?atésmrro@ef%in‘é@ at1Bhdt sk of M robRms! d&scﬂﬁ#’t@d' el

to said power splitting nechanical 30 transm ssion, to the tail
and (e) withghé¢ piiomart ont r ol means, for coordi nati ng operation of the drive

units in accordance w.th a _pluyali f .predeterm n d nodes corespondi ng
to a driving cycle oy@éﬂ’ﬁefgé‘?ﬂr&’ torihe 9‘5) eP“?’éfﬂBrP @Xgﬂ‘?ﬁﬁpﬁé‘% fystem
second andy, lgs&ﬁ Vﬁrﬂéylh%oh%gﬂ%ﬁm?blg'o%te&%ﬁé type of energy storage

means. Pre ower splitting nmechanical transm ssion includes an

epi cyclic gear box hatiieg aaotherr;ge@ﬂed ojactaf therifventibatd providewhydeid prepulsion
second shaft and a pl anetary gear
system which is suited for use in transit omnibus operations.

It is a yet another preferred object of the invention to provide a method for
controlling a hybrid propulsion system which seeks to maximise the efficiency of operation
of each propulsion unit in the system.

Further objects will be evident from the following description.

20
DISCLOSURE OF THE INVENTION
In a first aspect, the invention resides in a hybrid propulsion system for use
in vehicle operations, said propulsion system comprising:
(a)  apower splitting mechanical transmission for coupling to a tailshaft of the vehicle;
25 (b)  a first drive unit arranged for regenerative operation and coupled to the power

splitting mechanical transmission;

(c) . asecond drive unit arranged for regenerative operation and coupled, independently

of said first drive unit, to the power splitting mechanical transmission;

(d) a third drive unit for coupling, in parallel to said power splitting mechanical
30 transmission, to the tailshaft; and

(¢)  propulsion control means, for coordinating operation of the drive units in accordance

with a plurality of predetermined modes corresponding to a driving cycle of said vehicle.



5 carrier assenbly on a third shaft. Suitably, when the propul sion system
Is configured for non-transit vehicle operations: (a) the ring gear of

t he epi cywogs/ggesy box is arranged for coupling to the tail SICXK/AU§RTS t he
first drive unit is coupled to the sun ggar of the epicyclic gearbox; 10

(c) the second drive unit is coupled t0 the planetary gear carrier
assenbly of the epicycl.i arbox; and (d the third.driv nit is ..
coupled to the tail sﬁ%?fetm%}? C ROV P! ‘%é?JMFﬁ%ﬁmﬁl%Eﬁﬁ@F%Fpm@%by
t he epicycldd ' [ r ' e
vehicl e orééﬁgbggﬁég@%?o‘??uge%ﬁ%?nhﬁ%é?mgﬁr@c# régﬁéail%magataﬁ‘g%%hi c ég? 15
Most pr ef ecandiéryasserhisigtone third shdfsi on systemis configured for non-transit
vehi cl e operations: the first drive unit includes an electrical epergy
storage means and anSHEE¥YY ‘é{b%ﬂ’ﬁlpé%ﬂqlﬂ@&ﬁy%%ﬂ@?@gﬂ’ﬁf rdwnnmg;ve%p@e
secong drigpeermnts, i ncludes a fluid pressure storage neans and an associ at ed
fluid 20 pressure energy conversion neans; and the third drive unit

i ncl udes a(ayheniteainganar ayths epichdic FRaE00X i8 aftanigedads enipling do aRailsHamN
engine. In preference the predeterm ned nodes of operation coordinated by

t he propul @)on thefirstodriveatnitsis coupledito the sun gear of therepieyelit gearboxn node,

wherein the fluj,d pressure ener conversion neans or. the el.ect.r.i cal enerqgy
conver i ontOrean esBiR AEYE PR SLBIeq LB BIARSIER oo SATR BHEPILAT B BEmERe
fromthe c éﬁi’b@;iaﬁ@ engine as required; (ii) a crui se node, wherein the
el ectrical “energy conversion neans supplies power to the tailshaft,
suppliénent @) by theotisird fdriver tikie is covinpledi tn tiee gailshafisviacawi avxdliar@Omechanigal a

decel erati on nopde, erein each of the fluyid pressure ene conver.si on
means and mr@fsm;%%mﬁwcg%a%m VRESAPraUe sp?éhs{aqgfé@r propelling the

regenerati yaiiglteto(? r{c?:;v%\é%rﬁﬁ)é)%ﬁ th Eﬁﬁ%ﬂﬁ?for retgnczlirﬁf leiﬁﬂlfci .and supply,
respectively, tThe TTuid pressure storage means and the electrical energy
storage neans; or (i Wost plefSfably, Whah YhaPbulsidiedRiem & corlfigtieddfod hb Sransit t
suppl i es power for replenishing the fluid pressure storage neans and/or the
el ectri cal vehiclegperationsige neans as required. 5 Sui t abl vy,

V\hentllgepropul Si %{Esk{rssrt%rl]‘j S cqnf ilggred for, transit vehicle o

C erations: .
ve unit includes an electrical energy storage nieanl§ and an associated

-

electrical energy conversion means;
the second drive unit includes a fluid pressure storage means and an associated fluid
pressure energy conversion means; and
the third drive unit includes a chemical energy storage means and an associated
20 combustion engine.
In preference the predetermined modes of operation coordinated by the
propulsion control means include:
@) an acceleration mode, wherein the fluid pressure energy conversion means or the
electrical energy conversion means supplies power to the tailshaft, supplemented by power
25 from the combustion engine as required;
(i)  acruise mode, wherein the electrical energy conversion means supplies power to the
téilshaft, supplemented by power from the combustion engine as required;
(iii)  adeceleration mode, wherein each of the fluid pressure energy conversion means and
the electrical energy conversion means are operated regeneratively to recover power from the

30 tailshaft and supply, respectively, the fluid pressure storage means and the electrical energy

storage means; or e

heet Has Been Replaced B |
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(a) the planetary gear carrier assenbly of the epicyclic gearbox is
arranged for coupling to the tailshaft; (b) the first drive unit is

coupled to | gear of the epicyclic gearbox; (c) t he_ i ve
WO Sy 508

unit is coup t0 the sun gear of the epicyclic gearbox; a t he
third drive unit is coupled to the tailsh&t via an auxiliary mechani cal
transm ssion; whereby the epicyclic gearbox delivers torque to the

tail shaft f(w) progatidnagympie whetdin hselected driwe sl supplips potven fortriysienishing thé t
for retardiﬁ,g the vehicle. In on fg{m wherein the propul sion systemis
confi gur ed HBA PIFSSHE;Stordgeneans aﬂg/é’F & Jpritical gnergy storagg mgans 3sdeqiiredye uni t

ncludes a fluid pressitpia! hdtmd BaRuIA0H et A EbMgifled 't daBlf VilIe

energy conversi on neans; e second“drive unrt 1nc ani cal “ener gy
st or age neadperations: the third drive unit includes a chemical energy storage
means and an_associ ated conbustion engine. 20, . If required a
f our t h3dr i V@ uni the planetantgesr carierassamably of the epicyelici gearbem isrranged &ar<ioppling

nmeans assoc] %\' pr the fluid pressure storage neans, is coupled to the
pl anetary gtl(geaﬁfblgga%ll rTér assenbly. In the first form the predeterm ned nodes

coor di nat edphy 1 {he fREtQRIvVenRNs 6AIPIEP0 tHERAS geRYf RS epidstlic(delrboxan

accel erati on node, wherein the nechanical énergy storage means supplies
power to the)t ai theisedand drivetunislis eahiplsd todhe suregean of thewgpdyiclid gearbox; adur ced
fromthe fluid pressure .ener conver si.on ans. and suppl enept ed by power
fromthe co@usﬁh&na’ﬂwgfiﬂge a‘g}{tr &y ferelsd 1o i“;?e ta‘la?%é&uY’é‘eaW}h%éPé‘Fl?@i%é
conbughi on EHGIIRIcHRRLIeBT HRUPRYcliCadahfox dMi Sk :
fromthe mechani céll ’enereggl st or 8e ang%‘gﬁ?ﬂfgﬁrh%%t%@?taﬁe %?H%Sﬁ&%e
pressur e enechigle opreceives nqueeteorn thestailstonfi foe detardinglthe vehic)e. a decel erati on
mode, wherein fluid pressure energy conversion neans is operated to control
regeneration of power I nsforpavherindhe propulsicn systepn isi eonfigured doriwansitriehigle

ener gy stor%%tmgns or the fluid pressure storage neans; and (ivV) a
stationary e, Wwherein a selected drive unit (normally the conbustion

engi ne) 5 S Uil firgSdmi@iit inelude€ RIFRIM pltiséifte shiPagtBRBARI Al anCRSE Jited RERIC
nmeans and/or the fluid pressure storage neans as required. In another form
when the prpygesuss energyeanvarsion measst gured for transit vehicle
the second drive unit includes a mechanical energy storage means; and
the third drive unit includes a chemical energy storage means and an associated
combustion engine.
If required a fourth drive unit, including a second fluid pressure energy
20 conversion means associated with the fluid pressure storage means, is coupled to the
planetary gear carrier assembly.
In the first form, the predetermined modes coordinated by the propulsion
control means include:
() an acceleration mode, wherein the mechanical energy storage means supplies power
25 to the tailshaft, controlled by power either supplied to or sourced from the fluid pressure
energy conversion means and supplemented by power from the combustion engine as
required; |
(ii)  a cruise mode, wherein the combustion engine supplies power to the tailshaft,
supplemented by power from the mechanical energy storage means controlled by the fluid

30 pressure energy conversion means as required;
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This Sheet Has Been Rep _ ' TRIS SHEET HAS BREN
i 14l



operations: the first drive unit includes an electrical energy storage
nmeans and an ‘associ ated 10 el ectrical energy conversion neans; the
second drigupegidprsz | Ncl udes a nmechani cal energy storage neangerAvdsdiRyst hird
drive unit includes a chenmi cal energy storage neans and an associ at ed
conbustion engine. If required, a fourthldrive unit is coupled to the

pl anetary gear carrjer_ 15 assepbly, which fourth drive unit includes a
second el d@if) i cafecslemation mosiey wheren flid Pressure SHEIZNCORVEISion meansd$ aperaieddp

ener oy St ols! FEaSmab of 15wk Mo B BlhbFIPLAHE) SHAL RS B8RS ical snerey

coordi nate opul’sfon “contr ol neans I nc an acce

mode, whergtbragt htafi®athe flopl presidstoRige iikgifs;mans suppl i es power 20 to
the tailshaft, controlled by power either supplied to or sourced fromthe

el ect ri cal (i®ner yytationary madsnwiersinsa selected grivewnit (noamiily theveombustion engine)

conmbusti on engi ne as requijyed,. (i} cruj se nod wherein t combusti on
oot supBPPHEs Benes R replrishiny th smechabinh) BcrER chirat Tisme Ao ¢ oad
mechani cal ,eaetoM oS gmﬁ'ggeﬁaﬁ &pntrolled by the electrical energy

conver si onp maansytgs%r eqwsred; 2% (rii) a decel eration node, wherein

el ectrical energy cohvaroshenforngaien ile prppulside dystem dsocunfiphredefoetrensit vehiclef
power fromthe tailshaft to supply either the electrical energy storage
means or tPREr#MEani cal energy storage neans; and (iv) a stationary node,

wherein a sel ec ' I 1; I . ' i u s

power for repl eﬂ‘?gfﬁlg%g}é?%gﬂfrtré%ﬂg%sg% élé%%?agy&%gé%gﬁéﬁ%@s %ﬁé/a ?)lr ? #elgéd
el ectpi cal eléd@rical en@fp'c@MvEtidhIBENMEEANS as required. 12 Preferably the .
fluid pressure storage neans conprises a hydrostatic storage neans, such as

an oi | - ni t r ogenthgsecand drivsrunitincludésca miechaniqal ensgy stomgemganspander si on neans
conprises at |egst,,one, hydraul i chine, such as_ a hydrostatic punp/.nopt.or.
T Tequired, t O mstdE A hemical SReiey, stotast &Ry 2 AL ASFOTiAB LG e
5 an aug i)@sct%nr&“ghg.static machi ne coupled to the conbustion engine.

Preferably the electfical energy storage means conprises an el ectrochem cal

storage neans, such #Sreguived,tz fourfhadiive anid isheouplelttoi thel plamstargygeao wamieri on
means conprises_a rqtary electric machine, such as a DC notor or an AC

machilfie. | assergly, wuch Furdy drave i incliqles @ysesonst algatricalpneray gonyrrsigadneans

least one ,ssociated with the electrical energy storage means.

In the other form, the predetermined modes coordinated by the propulsion
control means include:
(6)) an acceleration mode, wherein the mechanical energy storage means supplies power

20 to the tailshaft, controlled by power either supplied to or sourced from the electrical energy
conversion means and supplemented by power from the combustion engine as required;
(i) a cruise mode, wherein the combustion engine supplies power to the tailshaft,
supplemented by power from the mechanical energy storage means controlled by the
electrical energy conversion means as required;

25 (iii)  a deceleration mode, wherein electrical energy conversion means is operated to
control regeneration of power from the tailshaft to supply either the electrical energy storage
means or the mechanical energy storage means; and
(iv)  a stationary mode, wherein a selected drive unit (normally the combustion engine)
supplies power for replenishing the mechanical energy storage means and/or the electrical

30 energy storage means as required.
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10 el ectrostatic storage neans, such as a super capacitor. Preferably
the el ectrical energy conversion neans further includes a solid state power
converter,weugiyas @ DC-DC notor controller or DC AC four - qydy a6Ys/0027s
inverter. 1T required, the electrical energy conversion neans may further

i nclude an auxiliary electrlc machi ne coldled to the combustion engine. 15
Preferably the nechani cal ener st orage neans includes a kinetic energy
storage means, incl uBreferably ﬁl@%dm&sm mmeamem@pawhmmtwge

energy storage neans_co rlses fuel stor t ank

The. eonbustEds Bl et U gieh RRTpatchng id 8 prstRyme Shefei Bk P
combust i ONc&@1GkidRE at R8st one hydrauhc machmepﬁuch%%thyﬁﬂ%ta‘if&fﬂlﬁnﬂ&ok&? three shaft
epi cyclic gearbox may be coupled to a brake neans. Suitably the auxiliary

nechani cal transmi ssiinequirsd, thecfluid pressutelenetgyodversionrmemsanay frther include
Al ternativel he .ayxiliar chani cal trans sion may include an
aut onatic %Xux‘ﬁ Hfﬂﬁa%%??%g‘ f?g rg-i’rs HORENGIDG| v t he t or que

convertor for the au e.
Preferably the pr opu s%%l%ﬁ%o@ Q@Hh%leakhsltgé' @@g@&g anﬁlg ?g%%%%lé%%kmxa

I nt er f acedstofags nfeand, stcinds abattetispack paiddhe déﬁn&ildzn&rg?&bhﬁ&s@ﬁ nfné cahprigans
associated with 30 respective conponents of the propul sion system

Pr ef er abl yarefanislestie srchidr sé‘IChlaﬁé é@tWyA‘ﬁmfglmor storing therein
signal s received froir%the S raé 1ebf: 20 ducerstassom ated with eac 1dritve
unit, which status ‘ieﬁuglé ?588 4 FUT B4 V8T Pﬁaﬂﬁﬂbﬂ}}’e}%}‘} o2l R HE of
requ@t ' Veeﬂ&ﬂr&ﬁatwﬁtéﬁ e Aans)Bhd as By c4fashier. al so stores corresponding
comand signals applied to the control neans for the drive units; wher eby
the stored status si @neferabinthie dmtneai@n@r'ggnam&rmmamslﬁmhetimdudes a solid state

n & SeconBoRERERR eI AP GIOF tEEeT? ?lsr%ﬁﬁogﬁfm'nqﬁ %ﬁﬁq{}ra
Pybr i d propul ST on syt RO, e KEBKHEPentbl ChrREGBNLSLAR AR AEMNISH 1

| east two drive units ar regenerative operation

power spli atxitigrynsteduie inashint cansied &sthe combdsiunagiid. y of each ot her whi ch
nmechani cal transmn ssion bX)rbe coupled in parallel with a third drive unit
to a ¥ailshaft of th&referably the @a%nwel FRAIEY Storagsi meansHackdes,a kigwetic energy

storage means, including at least one flywheel.

Preferably the chemical energy storage means comprises one or more fluid
fuel storage tanks, and the combustion engine is a spark or compression ignition internal
combustion engine.

20 At least one shaft of the three shaft epicyclic gearbox may be coupled to a
brake means.

Suitably the auxiliary mechanical transmission may include a clutch and a
torque converter.

Alternatively, the auxiliary mechanical transmission may include an automatic

25 gearbox with a torque converter.

Suitably the torque convertor for the auxiliary mechanical transmission is of
the lockup type. |

Preferably the propulsion control means comprises a microcontroller
interfaced to a series of status transducers and a series of control means associated with

30 respective components of the propulsion system.
Preferably the microcontroller includes memory means for storing therein

signals received from the status transducers associated with each drive unit, which status



10 recei ving a demand signal indicative of desired vehicle
notion; and if the demand signal indicates that negative wheel power for
braki ng thavoegiambe is desired: operating any of the regener aCreaisgnozs
units regeneratively in accordance with crérent system state; or 15

I f the demand signal indicates that positive wheel power for cruise or

acceleration i desired;. o ating..on r re of, the drive unjts,

propul si vel $&f s&E“c’Bf‘H’éﬂ‘é"eg i HPE‘%'PP%iﬁtsg"é?ng‘?W%qt’é{Fgfwﬁmtﬁ Q":yev_"g’é?h%?}nmy
signal indi ﬁﬁ&ﬁ&lé&‘ﬁ&m&‘@o&é&?@ﬂdiﬂé’&@ﬁm?ﬁd ﬂgﬁ%‘& liel§ hESdnfrb Pmls Br &t drive
stationary: operating selected ohes of t rive units for replenishing

ener gy st or anjés; wenebyaths sioral status\sighals hed cagaad signdls ae utiisedfor deterhinidtic

steps are repeatedly iterated in order to control the propul sion system
with an opt? P?’ﬁf’%‘ttf‘ﬁr"?ﬂleg‘xbﬁé%’%‘%l@ﬁpﬂﬁ%@ i ndi cated by the denand

signal ¢ 25 : S W TQ ,agsi St
i ngundgrstandi ng the ﬁegﬁolngﬁwﬁ?te 85@5558%%’@e§%?§1% Pﬁ%ﬁ}’g&ﬁ?g&bﬁ&é@
wi th ref er epgpulsion Systér foraiwehiclé, vhitk prdpuisié Sydtent ifcfudesAt feadt thvoRiri¥ Sunits

graphs show ng an epicyclic gear speed map of a mechanical transm ssion

sui t abl e f ofranged forgageneeative aperationsandfconpled kna poweérsplittinggpenhanicall tyansBiission
FIG2 is a block diagramof a hybr,id propu] sion.system of an_epbodi nent _of
= first for PgperEn hORRE Pk ictmelienbA Femmislaney by pomihiRlel wit
Oper at i ons; a third @rivd hiftd Stafls GITRE yehibledg ' ' it for a
hybrid propal sliron system of ?he emod%&gﬂg?%ﬁﬁméﬁ{fdﬁgélgmgghtgﬁgéﬁgHgi agr am of
an el dftric dri vecceniing & demaixbsignal indibatbel of desiogl vehicle nfotivneaid 5 -

FI GS 5A and 5B toget her saow a flowhart of a control algorithmfor use in
relation to the idgmangd signal ipdicates thatnggativeevigel gewe aking, the vehicle is

invention; FIG 64L& bl ock diagramof a hybrid propul sion system of an
enbodi nent of a sécond formof the invention suitable for transit type

?Ln; i P.uf . ?pﬁ ; §§ : gn; r orF) :j)?gxi?aéiﬁg {.%y mm?;ge{gtgnerdﬁaa 8aR QhitPrdgenérdtitély iR ddfbriad@
with current system state; or
15 if the demand signal indicates that positive wheel power for cruise or acceleration is
desired:
operating one or more of the drive units propulsively in accordance with
current system state; or
if the demand signal indicates that no wheel power is desired, the vehicle being
20 stationary:
operating selected ones of the drive units for replenishing energy storage
means associated with the regenerative drive units;
which steps are repeatedly iterated in order to control the propulsion system with an optimum
trajectory to the system state indicated by the demand signal.
25 BRIEF DETAILS OF THE DRAWINGS
To assist in understanding the invention preferred embodiments will now be
described with reference to the following figures in which :
FIGS 1A and 1B are graphs showing an epicyclic gear speed map of a mechanical
transmission suitable for first and second forms of the invention, respectively;
30 FIG 2 is a block diagram of a hybrid propulsion system of an embodiment of a first

form of the invention suitable for non-transit type omnibus operations;
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FIG8 is a diagramof a hybrid propul sion system of a second enbodi nent of
the second formof the invention; FIG9 is a diagramof a hybrid propul sion
syst em of 755% enbodi ment of the second form of the inveptiQr: -

FI G 10 isvio%%)wc art showing a portion of a control al gori?%?n&?}gflg% 5Flg to
no demand operation for use in a hybrid Hopul sion system of the second
formof the invention;, FIGS 11A and 11B are flowcharts show ng portions of
the control al gBIG 3 isn schemetindiagranyofie fluididriverundt foy @ hyhrid peo 1 gystem of
propul sion,systemqy _and FIG 12 is a flowhart show ng a portion of the

f1 owchart @Feﬁltbegiﬂ%l al gorithm 20 relating to a demand for braking in
the hybrid proppic®h fheane diubrhil oF QEHRARYE Gt &br EERROUA R I God
shows a speed nap for drive uniTs of the propul sion systemof t I'nvent i on
whi ch are systept;ed to an epicyclic gear train. The | eft hand pl ane of
operation, 25 ,n. .FIG 1A .relates. to first, formof_ the jnvention;
whilsf the ri ghﬂ@waﬂﬁgﬁ 06%&‘?5 oW @ tlwehar of 4 controd aigorhm, for useda relgtign
second for ' | | 1l Qﬁﬁ gscribed in nore

det ai | bel{éiv@%ﬁglggqg{&*gﬁidtn%%r él)%?g?&gﬂﬁggﬂrr%n'#‘é 0 géach formof the
invention. A fiFHS6adslock@BgiramidTiatiybiia peopulsic@sRnDdf an sibadirflerit 66® bécoh@n

system 30 configured for non-transit ommi bus operations in accordance
with a firfrmiefithe Biventinn suiabletfopiransittype pmadhisioperatigng;he bl ock di agram

oratively 1 ow FIRgeaniaiearaeihs O 8 Rl BBmit o e e BybiR aegputsion

15 the casgspim,city operations and also to the restricted hours of
operation i'n norning and afternoon periods, in the case of school

oper ati ons. TheF[@ &pislasdiagrasyef £hybmt propatsiomsystent o paecind emimrdimestt off thge
means, nanely fl u‘iéng gﬂgessure storage neans in the formof a hydrostatic
accunul at ofccend for effheinventioner gy storage neans in the formof a fluid

fuel tank 5 ’ "sﬁﬁi ﬁggl y aer @gﬁ | of
a battery pack f@gl eq y r%ﬁ?’g’%’f‘gﬁg‘@é‘%'%?ﬁ% |g%§8§nﬁ%§§ﬁﬁ%écﬁoggl i C
circuit w fdinvoffthelinvepti@gsure control neans in the form of manifold bl ock
and val ves 104, a first hydraulic machine in the formof a hydrostatic

punp/lAot or 105, FEG d0ay2 Bewehart shewingioporting of a senten) @leevithna elatingta apidsmapdi ng

hyd tagli 107, T, d tati 5 ] Q. . led t
2 power spPPERofL s ind Wbl oA By R B HE Sopd okt P imyentiSfh P oe”
shaft epicycli crgesnbaand A8Biafe fiGRcIRRiE RBbWRIgiportions of the control algorithm relating

to a demand for drive in the hybrid propulsion system; and

FIG 12 is a flowchart showing a portion of the flowchart of a control algorithm
20 relating to a demand for braking in the hybrid propulsion system.

DETAILED DESCRIPTION OF THE DRAWINGS
FIG 1 shows a speed map for drive units of the propulsion system of the
invention which are coupled to an epicyclic gear train. The left hand plane of operation,
25 shown in FIG 1A, relates to a first form of the invention; whilst the right hand plane of
operation, shown in FIG 1B, relates to a second form of the invention. This speed map will
be described in more detail below in relation to particular embodiments of each form of the
invention, '
A first embodiment, which is an example of a hybrid propulsion system
30 configured for non-transit omnibus operations in accordance with a first form of the
invention, is represented by the block diagram shown in FIG 2. The propulsion system 100

is particularly suited to relatively low range operations, due to the need to stop frequently in



The battery pack 103 is in an electrical circuit wwth an electrical energy
conversion neans in the formof a notor controller 109 which supplies drive
current towensaysgtrical nachine in the formof a direct curgEeniudsonrs

el ectric nmotor 110. The drive shaft 15 of the electric notor 110 is
coupled to the epicyclic gearbox 108 and 185 a brake means 111. The fluid

fuel tank 102 supplies fuel suc s petrol or |iquid petroleumgas (LPG
via an eng C‘E‘Bﬁ’?rcbtp' ReLafons ﬁnawisq@rﬁ\eoqest&cmhﬂm 6? Spetatign yn Morning,and

Rl . ; it ) ol st
angi he. 113200 pefodsifh Ik O dnBBREerkis, 1R drBbALGR oy GO IRABE three
ef ficient disphatesenesy sorgRdneaisp hamslyos flughpidsifte dfbrage mRESE BEtHeSform of a

specified. The internal conbustion (1C) engine 113 is coupled, via an
auxi | i ary hydmesaiicagcymulatar/ 04y aehomipalyenengy storageameans in thedons of o fipidifueltank

ot ongt ¢ 0% e oienviea RGrRY, stoRf et BB e S A BB Rk W 107 16
coupl ed, preferably mxeelgfdwﬁﬁ&manﬁﬁmlﬂ(ﬁ isGRLREH h}r?%uii{j?ﬁ%ﬂﬁ‘lwith a fluid

conbustion engine 113 and the automatic transm ssion

The hydr ospegssurepontrohotesns i0thei forpr ef manifold Wocpbad vhives 104aa dirsy Nydiealic
carrier 117 oLithe e iq%%ctif‘ ear hox 108, the electric notor 110 i s coupled
to a sun gB¥chipgan the Toymd oba hydroftatic pumpfmqtor 465, amwmpser oihtank; 19§ agd arsecal | s

coupled to Al | . cordingl e
out put  shalf CpIEmEATIc e 2R AdaRe pRpORPY THL eI Ay 105
tail digaft tddpled té hposes eplittiog MechthicdlPansilissidrimeaa il tHPForm 6F 4 tHrle st
coupl ed 30 to a final drive assenbly 121 of a vehicle such as an

omi bus.  epiegcliq gqasbaxnk8 indhe/embedimenb consi der the hybrid propul sion
system when configured {n accord e wth fi.rst .formof the invention,
as preferably incl udi% ]?#?e@é pack 3@5 dhit @aege%?aﬁdwé’mt(wh anaé?‘?qtﬂi: derse
uni t conpr cshviisioh feah€inthe F6 o5 R ts@hplS >,
sio i o ERtrollBe1 Ay dh sg%ﬂélgeﬁu%c;ﬁg%gﬁt;o a1

105, the nanifpld bl ock and val ves 104 and associ ate
an el ect ri elediricabmaehine gotieform nfja diracttduerept E3E)¢leatrib mabtorh10.t The dtiee shafc

combust ?Saohﬁa:efﬂe‘%hl‘fﬂrmg@?m fs&%g@?a%‘%ﬁﬁg%%%éﬁﬁgﬁé@%ﬁ i:;q?é%fxé;?ﬁagaﬁe
drive uni 15 19 mechars oty g vk SO sipel ol o &b L bpRpI g e

propel | i ng (BPG) vt dneginereeheolibanstih ehesformtdfiaah ol ©sssahBlyanD, iy 8 combabtich
punp/ not or 105 being sel ectively coupled to respective shafts of the three

shaft epi c§BEine iyibg ey of sparkignitien interank combustien enging ¢ 13.COthenembadiments
nomi nal |y GienOlih ity RREI hiet dRerd A4 efr8ichP Rurb @bl et et onty e R ghlon
20 engine is specified. The internal combustion (IC) engine 113 is coupled, via an auxiliary
transmission 114 preferably an automatic transmission, to a tailshaft 115. A clutch and/or
torque converter may be substituted for the automatic transmission in other embodiments.
The hydrostatic pump 107 is coupled, preferably by a first gear set 116, between the internal

combustion engine 113 and the automatic transmission 114,
25 The hydrostatic pump/motor 105 is preferably coupled to a planetary gear
carrier 117 of the epicyclic gearbox 108, the electric motor 110 is coupled to a sun gear 118
of the epicyclic gearbox 108, whilst the ring gear 119 is coupled to the tailshaft 115 via a
second gear set 120. Accordingly, the output shaft of the epicyclic gearbox is connected in
parallel to the tailshaft 115 by the second gear set 120. The tailshaft may, in tumn, be coupled

30 to a final drive assembly 121 of a vehicle such as an omnibus.



In the first enbodinment, the fluid drive unit and the electric drive unit
are the 15 primary drive units and are arranged to operate '
regener at w+§/477§2n contrast the conbustion drive unit perfof’E’f/AiUPiuﬁons
secondary rol e and does not operate regeneratively. A particularly
preferred objective of the present invenkGon is the minimsation of |osses
in the hybrid propul sion system This may be achi eved by operating the
drive units, particultais thus eenyenignt o ¢ohsiderythet bybrivh gmopuision esystent,ewhemwver
the entire speed.and torque regines, .This.is.20 .. in part . .effected t he
Speci 11 cartoORERtea aotighss e o Host ford, oF thE ifiniinp, B RElpiatly mididine fre
whi ch t heygRfeSiniRRANesliges: and in part by the propul sion control neans,

i ncluding a mcroprocessor control unit or mcrocontroller 122 with

associ at ed Ayenva fluidnirive hiit comptikiag dnitiiprersnt embbdiatent e thydtostitie pampAmotor
interfaced to stat u,? trflniduaer and control, devices associated with each
of the dril, theimamiold blask and valvss 184 Ard agsopiatedaceumplatas 108ed in further 25

detail hergjnaffe . s Oy k tihe Lt wer
(ar ve) o ogatf SeertS S¥E e nBRahe R in o S AL Ondil MR b LRE S
D err] fedhtendthecoitroliocto i@ the batlely patk F03zand. It is also preferable that
the drive units are arranged in a nodul ar fashion so that they m ght be

conveni ent{Q) i nacembustion drixeynicomppisingainthe pegsenteantiadinenty theHi{henginesl 3,
propul si on_system., whet her .fqgr e. purpose L nt.enance, reconfi.quralion
b “Cpar adeenerRrasRtRrY 107 7af BRI ERARE 10 e R i SR pe iRty
ener gy 'eV@d%éH tb e AU T21 foﬂ?roﬁ@ﬁhﬁ%n'o%ﬁb&%},’ sfefé’rahtg%g Sieclﬁ‘%qf* k790

drive cycle I ch are determ ned Trom a nunber of  paraneters, cl udi ng:
(1) t he andchyalyestatjpamonmotdrel 05heirgsselectivialy abupled te yesbectiveXhafts vfithe dhwee age
nunber of staops .per, kilonetre; 5 .  (3) t he standard devi atiqgn of the

| engt h andsfgfta%m@f?ﬂwcaeml%p# | 1930 s thied shadk efthe ew)cyalq grarle, seapnallynthe optnwt
speed of t S, . I - of ' ration:. (6) t he
avai | abi | i{‘&e"ﬂg% °Héﬁ§et°c éﬁsegglrléyuﬂl in#ir%@&’?%@%?’étﬁft%?é‘%‘lﬁ%‘?ﬁgﬁr??’[w??‘ghtar gi ng

during the drive cychethediist ekibodimént)the fluftRdriveid@trand thepelec o g€k e uhid atd the
seated and standing) to be carried in a particular sized omibus. In the

case 16f t hprimpny driveynits agdiare arrangedite pprrateregeneratived, Insonirast shecombystipn

i ndi cative,of th essure Plerr] i e, hydrost atic accunulataor 101 and
brovi des. cts SRCRFERERE S seiofiny rolk A ani RPaRRi o BEAIVLR, X mithiusdly
settings t greffdifed BhieétBedofoiieCirestint imeeniyA 9 Mhehditimisation of losses in the hybrid

propulsion system. This may be achieved by operating the drive units, particularly the

primary drive units, when most efficient over the entire speed and torque regimes. This is
20 in part effected by the specification of the drive units, the shafts of the epicyclic gearbox to
which they are connected and in part by the propulsion control means, including a
microprocessor control unit or microcontroller 122 with associated memory unit 123 in the
embodiment, which control means is interfaced to status transducers and control devices
associated with each of the drive units. The propulsion control means is described in further
25 detail hereinafter. The vehicle operator’s demand for either positive power (drive) or
negative power (braking) is represented by the transducer signal D, fed to the microcontrolier

122 in FI1G. 2.
It is also preferable that the drive units are arranged in a modular fashion so
that they might be conveniently installed in and perhaps later removed from the hybrid
30 propulsion system, whether for the purpose of maintenance, reconfiguration or upgrade.

Each module is sized to produce the appropriate power and energy levels with a minimum



15 punp/ notor 105 and valves 104 in the hydraulic circuit. A typical
circuit arrangenent for the fluid drive unit is showmm in FIG 3. The

hydr ost atwo ggrznot or 105 is a 180 cc vari abl e di spl acenereCTaAUuP8/80275 whi ch
di spl acenent may be varied by neans of 7svvash pl ate. A suitable hydraulic
machine is, for exanple, a 180 cc A4VSO as manufactured by Rexroth which is

rated at 190 kWwith a xi mum torque of 100Q .Nm T A4V machine.i s 20
Capabl o o PGBIOF HYFT HOBHEh OB EEs LV syoIR SiPh gre. SRR, TRRLE SRS Af
order to a.?&?ﬁ! thid fheludpp.a@ first oil sunp 106b. Wen notoring, the _
hydr aul i cq;rrac e|f'ne’ sﬁpglﬂi@es torque to the planetary gear carrier 117 of the
epi cycl i c (Ypar kthe atéragd speed Bf the rantes Whthe drivemyaly; it recei ves torque from

t he gearbox, whether suppljed by the final drive during deceleration of the
omi bus or2} r orthe REeTagRBRDEr afstops pen BiloWERE:t he ommi bus i s stati onary. In

the 1ot el(sFaSGne Bandard AGAIRLPYS. 1DATY b gAIESH RS ADRMES Lo ol ow 2

react’l on t'0ofque o e ring gear 9701 I'C gear box 108. The

pl anetary (@prrie alldwablendxireamxpeed bFthe bug; t he torque supplied by the
electric notor 110 via the sun gear 118, The accunul ator 101 may al so be
charged vdpy ef&lﬁ@mbpryfhgm&og‘gﬂm opegation;i ary fi xed di spl acement

hydr ost ati g, pu 107a, ..for .exanple a. 16 cc A2FO al sg 3 manyf act ured by
Roxr ot h- - dP1 Venegva bieEoE B AR rd ntanEScttne foF GRoBRUSH. AP RR A T may
be short ci rcuiﬁlgqﬁtg,gc?gle’emi d valve 104b when not required. A very snall
gear punp 107b 1s coupled to the I1C engine to generate the |ow fl ow
nece$@ary (7yr tthe mmmberodf pdssengesh(both s8atpd ahd staglireg) tdHee pareiedunea dr op

across the gear puynp 1Q7b,is regul ated around 20 bar by a | ow pressure
regul at or val vebarbouar sized 9maibugnhodi nents the gear punp may be repl aced by

a smal | auxi|iary aceumd aLobe hedid GV B Tk RralGEIRL 252 Yddits B EaRYT ©

control |l ed sol enoid va alns ‘con pressure-a

and 30 barindfative of the pressure P, in th& Rydrogedcraicafmulddr 103 and ptdvided control signals,
comuni cation, via solenoid valve 104a, with the hydrostatic accunul at or

101 whi ch wishmsisseash plate apglefticansd valve settings tor thg mandfold block axfithe bydrestatic n
th di ment, Alt t hi tio.d . i d h

enor 53 s Bhmpmytee T3 P valled B 88 e S iR o0 RicBL St o s
fol lows a efRicdrdvealal i§§hovin|i inPrTeH 8C The hiy@RRfatie pamPARotbPT0BUS al 188 8L FaRkblE e

C

motor. It also results in a |ower percenfage 10 | oss of pressure
f ol | owi ng displacemyent miachinep which displatementt engyebavaniad by meansf oft hewasht platge A

O, e SRS, Fo ol 333 b b B iy
o S A Yhed 16 A SRR PO RS HIARISD i

t he R@passcapabléecofpéinting inPPen circuit, not needing a priming pressure in order to draw fluid

from a first oil sump 106b. When motoring, the hydraulic machine supplies torque to the

planetary gear carrier 117 of the epiqyclic gearbox 108 (see FIG. 2). When pumping it

receives torque from the gearbox, whether supplied by the final drive during deceleration of

the omnibus or from the electric motor 110 when the omnibus is stationary. In the latter case,

25 the omnibus has its wheel brakes applied to allow a reaction torque on the ring gear 119 of

the epicyclic gearbox 108. The planetary carrier 117 may then be driven by the torque

supplied by the electric motor 110 via the sun gear 118.

The accumulator 101 may also be charged very efficiently by a small,

auxiliary fixed displacement hydrostatic pump 107a, for example a 16 cc A2FO also

30 manufactured by Rexroth, driven by the IC engine 113. The small hydrostatic pump 107a

may be short circuited by solenoid valve 104b when not required. A very small gear pump

107b is coupled to the IC engine to generate the low flow necessary for the control of swash



15 The primary accunul ator 10la is, for exanple, of the
oil-nitrogen type with a 50 L capacity, whilst a secondary 20 L accunul at or
stage 101 imately half the size of the primary) is ' t oil
and conne?géggginﬁ%{he gas side of the primary accumnul ator 10?12?&%2&2?@%
configuration has several benefits. First8it is nore econonical as the
secondary receiver does not require a bladder to separate the oil fromthe
ni trogen apigtezangle. Theprepwrs dropacmss thegeas puwpdfY iy wgulatadraround 20harhye a

h f di h i nl \ I f d
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tenperature rise on conpression and al so reducing the tenperature drop on
conpr essi osolendié valvesehick naistains comted!pyessureaat betweed 20and80baed when t he bus

I's stationary becauseg the 2 t her .energy js.stored in the heat
transPer medium i nst JRAPERD wwa%m%gsm%@mm%w!mmﬁw&m%
recovered d .0 . e ' ' '
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nor mal | y wgfs3:@dn the entoiifigerit N Althéughnpisiiessbre fatio Moesmstprowvide admusch kenépy abe
oil to maintain pressure in the accunmulator. 30 I n ot her

enbodi ment & laigergatia (such as3.43: bema dischargewhbichimmediately fojlovwoneempleterhargeeat
t f di : ted after t unul at or _101b. Thi
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capability thus further reducing energy |oss. H gher gear reductions cah be
used by i ncompression.t The pressurerdnop acréssdhe hydrostatipupapimotol d 05 ds lirnied ti 345t t

115, such as hy, second gear..set 120.. .|n der, tQ maintain an upper_ 5

speed |1 i bY it Ressgwe eRuating vaRe129b. (EhEP iR OB alve) L PR the
fromthe sgglh i AT, [ he
hydrostati c pu%%%%o?@%%?ége ?couﬁ"llée%éla}é)lc%hg ae%%{tﬁ @123?4'2?5?3?1@?‘1}%9#{3%#%
speed rat i poffon®fEiRe Hydrdlicldifdhit ifihe &y passadiveyl 04bés opdnat i ve di spl acenments of
the two hydrostatic machines, is possible. Furthernore, with a reduced,
swasH5pl at e angl e, t Adegamary aacpaulaten Hlgds.tiapexamnpleafthe eirairagen sypeawite
10 - F | epe f onvent j.on lectrd
dri ve uni t 50T cameiof eSS 28R, BroRBRRIG: st T proima R UES bk
form of thefthe\eiMdrPis udddewitoul®il @hd dotihetted ot #eSgas Bide ofte PrBnary hedurnldton
field winding "110f, which are supplied by an armature controller 109a and
a field conbtal Mbis stageid, conbgpration has yeverd bepofitsr dlitsbitds meyre icporiamiealsas thel
SHate gg;'  Srondiy reoiver does ot réqubre & bladdet & Sepatate the. oif Hons the hitogen snd

20 secondly the smaller secondary receiver can contain a heat transfer medium, such as some

stainless steel wool or perforated sheet, to effectively add additional heat capacity to the gas
resulting in thermal energy being transferred at a higher rate, thereby reducing the
temperature rise on compression and also reducing the temperature drop on compression.
The pressure loss normally experienced is reduced when the bus is statiohary because the

25 thermal energy is stored in the heat transfer medium instead of being lost to the environment.
This energy is recovered on the expapsion of the gas which is not possible without the heat
storage medium. Further, the pump 107a can use fuel (and thus energy) normally wasted in
idling the IC engine 113 to provide some or all of the oil to maintain pressure in the
accumulator.

30 In other embodiments a tertiary “nitrogen only” accumulator stage containing
a heat transfer medium may be connected after the secondary accumulator 101b. This

enables the gas flowing past the medium in the secondary accumulator (i.e. to and from the



15 conveniently interfaced with the mcrocontroller 122. The

m crocontroller nonitors the status of the electric drive unit via

t ransducemso %4778t or speed S[err] and for battery current PCEBAUPS/ORNIS
mechani cal brake 111 on the notor shaft tension is also actuated by a -
control signal Plerr]. An exanple of a stuitable rotary electric machine is

i or ocont raray saSabr a0 a REL bl ettt Vabiny e ey Sfucing poerey
current I[Rgs] to efficiently produce the required torque at the shaft of

the sun gear 118 over a wi de range of notor speeds SM Control circuits for
battery powered tr acHigher gearaeductibng ¢ansekisadibyrinereasing dhe grae thtioyfrorertbering

hor %Poéggéea?%to b s Bl 15 ORb oy 1ekmR goRRoe LAbdnBer o doh de%r%':neﬁ'e”
2515, OTFUAS 5 B DB 10 T AR o b i vl

snaller evel road Crulise power require

for exanpl leyc&oétaﬁé pum?f 107a¢cdupled totthe IC tehgine d 18 ot the hydro&ﬂaﬁe pafmp/métor 105 he
case of a convention (non- hybrld) electric powered omi bus. In the

enbodi ment (capled tothepianeheardeibi 7+ Aominimme spead ratiopff009: b(léjiSQ)hdetsnwpd

L Dattory Bulptettessalattits SRS SRR itk i€ fopsible, Wiehafin e
a mass of arQiweel dPashGlatefan teeth@g%zoiansfesullatb% twbi6 t1a8d tifley tHackuer ef erab' y

I ncl udes | ow mai nt enarice valve regul ated | ead acid batteries, of either the
gel aDectrol yte or alFiGr%s}nbvglthesdemmmts bi]pmvenﬂmab&l@caﬂnwmmmntablefmatse

20 of ch S . A t 50 d th t ed
pover , alt %ﬁ@éﬁ%ﬁ%ﬁi@?}? Hon SHRETH B 0t 500 S fper Bestiay. Bbe 1 éﬁwﬁello
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5 OrS

el ectri cal energy st orage neans such as on nmor e super - capaci

Regener at i esntidllep 109eartdiod ﬁelﬂ)(:onﬁ"omrl@%,lrhspeww&ytmﬁbﬁmﬂleﬁrﬂﬂh}bhﬁhﬁi@%eﬁd in
excess of 45 km h durlgg braki ng, whether the vehicle is comng to a

conpl et e st@f devieesm iu 3&0‘%%”1 ronirolled sreptifiers t(SER) yand othe like; vhile mayrhe

Torm$ as. darvcRicntlynterbedy i e KRt BBl 1227 THROmRIR G bl &'
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battery 103. 10 Thus a relatively sinple notor controller
medi um bat The yegbanieajdrade HACR the bedonshiaftsxtensionds alsphcdyadd byr cohirel signal

Pypl cal 3. Ewadth itvanie of & siihjn ter i mecking it £ Nd80 giagh Btised by Neled,
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as sa@0 out fiskibsuerentl, td effigientl preipsé therequired sergasiat the shaft of the sun gear 118 over

a wide range of motor speeds Sy. Control circuits for battery powered traction motors of this

kind may be designed by persons with normal skill in the art, and are thus not discussed in

any detail. _

In normal operation, the electric motor 110 is not used for accelerating the

25 omnibus below about 50 km/h. Thus the motor can be sized for a smaller multiple of the

level road cruise power required for the vehicle, for example a factor of two (2) rather than

a factor of five (5) as in the case of a conventional (non-hybrid) electric powered omnibus.

In the embodiment which omits the combustion power unit, a factor of three (3) times level

road cruise power may be required. A typical DC system would use a battery pack with a

30 voltage of between 144 and 168 volts and have a mass of around 16-20% of the GVM of the

bus. The battery pack preferably includes low maintenance valve regulated lead acid

batteries, of either the gel electrolyte or absorbed glass mat types, operated at a partial state
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15 AC drive instead of the DC controller 109 and notor 110. Turhning to
the 1C engine 113, the enbodi nent enploys a 2 L spark ignition engine, for

exanpl e ay\§es#a%4 al |y opposed 4 cylinder engine deliveringpEpRESEI0IH el Yy
90 kWas nmanufactured by Fuji Heavy Industries (Subaru). Fluid fuel, such

as petrol and/or LPGis stored in tank(%0 102 and delivered to the engine
by the throttle assenblgl 112 under 20 control_ of the mcrocontroller

122, whi chofeﬁm@_t(?OlEJAe motarcrEeRf £5 0 amppres provides the rated nowsnaltypngh sherts o
"o cat  vergreia ootk B GO Aipbed iy Bt AdGREEDAE: cRhlithond A Ehbloy °

processor §ieétrdiitic/athetaR Blettadchemical, elecRichlrengfy@toriedheand 8iidH i ond 6PBRY
and load conditions, with reference to a multidl nmensional "map" of known

engi ne per fupeneapagciterapabi lities. In other enbodi ments 25 t he engi ne may

be fuel 1njected and/or incl)ude chani cal or turb ercharging. There

e S5ui do var oty oRORRSHRoB R TES Raery i s QRN A ERaken 68 STBong eedE Ty

| arge auto ' [ ks I ' Mg 0
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produce |low levels of air p n and are consi gui eter an
| i ght er thamnidpeddvenigit ata asbdtardiafiy veastamtrspeed.i Thedogorusmtiolier pePAkmits both

omi buses. Although nore lightly constructed_and generally 30 oper at ed
at hi gher ¥ ! afug @urpsath as ashras mepdplating dhe basten qugreatla X 00

an
hours of operati r ' ' ' fuell |t LPG
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20 control of the microcontroller 122, which adjusts the throttle opening O;. The

microcontroller also monitors the manifold pressure P of the engine, as this parameter is

indicative of engine torque. These engines also may include a local processor for optimising

operation over a range of power demand, ambient and load conditions, with reference fo a

multidimensional “map” of known engine performance capabilities. In other embodiments
25 the engine may be fuel injected and/or include mechanical or turbo supercharging.

There are a wide variety of advanced spark ignition engines supplied to a very
large automotive market. In general, these engines have been optimised to produce low
levels of air pollution and are considerably quieter and lighter than the large diesel engines
conventionally used to power omnibuses. Although more lightly constructed and generally

30 operated at higher speeds, such engines have been shown to deliver as much as 20000 hours
of operation between overhauls in taxi service when fuelled with LPG. However, they have

a maximum thermal efficiency of 30-32% which compares with a range of some 38-42% for



15 gear reduction 120 of 1.3:1 in this illustration. The electric

machi ne 110 (maxi num speed of 6000 rpm) is directly connected to the sun
gear 118 awolosAm3hydrostatic punp/notor 105 (maxi num speed BET/AUIYW27HN) to
the carrier 117 of the epicyclic gear seby The torque rel ati onship between
the three shafts of the epicyclic gearbox 108 which has a speed ratio of
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an ommi bUSaé’Yhttﬁb catsebfmépfa@hﬁ hy&‘l&fn‘b‘faﬁlsitﬂ%}r&lsﬂ 08 the PMighitioR ehERe Seratdd

tyre radius of 0.4 mand a final drive 121 differential gear ratio in the

of 5.625, athigh alssohite nxanqulde)r@smmd\ahmmmmwpem th"e‘ﬂowe:rthéﬂrmlteﬁﬁctimcaz is
maxi mum hydr ost at

C not or torque, of 1 79 N ower .tqQ be )
DT el T PPt b RO BHRS e v o varl YOher pepterataios-o T8 ih v to thgir

full I
vvgul dglbzprgaw Hﬁkd ?f#’ﬁtﬁff&sh?é‘qﬁﬁgmggﬁ%ﬁ;l%en the a%rg%tenﬁﬁat om{xa
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the el ectric notor |§namdqm m;abpf@mmlsmwfswecq&ﬁgmdmmcpgiancemth

r bke 111 Tygnfitsh it OF e BRERIon » cNIEH{and uiape cBRYerf? oV P Shsffited for e
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torque of the hydrostatic machine at zero speed he operati onal
nmodedOof t heakhybt pul therelestricoter)anay Imnompledh@therlvérqstam pmnplmqstommjdo reduce

descri bed \F/iqth r ef reneto FIG 1 (1) Accel eration node Assum ng the
accunul at o ellﬁikﬁgg ‘Fﬁﬁlal FIRRHMPSRenitial ly the brake 111 on the 5

el ectric machine 110 T‘h% @ecﬁg}ﬁgto??l qmgﬂ d the $d18td éﬁﬂ.ﬁ%fﬂ@sﬁu?ﬂ%ﬁk%ﬁe

mechani cal brakes (not re then re eased an e accu

sol enoi d vahafis dﬂmaeplsyﬂmqmoxlmsmhé canequenthi the spseds sfithe vidhizls, hy@iwstakieen
mai ntai ned via the hydrostatjc punp 107, the saolenoid will be open and the
brake 111 BAmpfraoter @mhpe eftEicmoter. aMs tallshasl i Sds daven fremithering geardd 9ofia ahe

hi glee b
hydr 0t at 1 ERareATtion 120 ot iy g S aREY e FRERBE T O et pEepecd
al most  enpby 666EHm)as Biréetl dofindehéd to ke sunl; M@ﬁﬁd‘fh@ [iﬂfsfabc'pﬁni’%bfd?rlﬁg by
the microcontroller 122 with status signals QPI I ed a pressur
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the sun 118 to the ring 119 of -1.92 when the speed of the carrier 117 is zero.

20 To provide a peak acceleration of 2.3m/s 2 for an omnibus with, for example,
a gross vehicle mass (GVM) of 6 tonnes, a tyre radius of 0.4 m and a final drive 121
differential gear ratio in the of 5.625, a taiishaft torque of 920 Nm is required. This reflects
to a maximum hydrostatic pump/motor torque of 1179 Nm. If power was to be utilised from
both the electric machine and the hydrostatic machine (at full displacement) an electric torque

25 at the sun shaft of 458 Nm would be required and half of this value (229 Nm) when the
accumnulator was drained of energy. This situation arises if a pressure ratio between
maximum and minimum pressures of 2.0 is used. |

The optimum rated power of the electric motor is about 40 kW and a stall
torque of 220 Nm is appropriate with a comer speed of about 3,500 rpm. The mechanical

30 brake 111, which has a torque rating of at least 500 Nm, is attached to a through shaft of the
electric machine 110 allowing utilisation of the torque of the hydrostatic machine at zero

speed.



15 applied to the machi ne and secondly the armature current I[err]. The
brake 111 on the electric machine 110 is rel eased whi ch reduces the speed

of the hygrpsdabi,c notor and accel erates the el ectrical notpiyAYslodi7s
continuing to apply torque to the tailshaft 115 due to the small but

I mportant inertial reaction of the el en@dt s connected to the carrier shaft
117. There is thus a _substantial increase in the speed of the electric

not or | eadi ng to t heThapeperatiopalanedes of theihybrid propulsien systam of theiavensisnwibl- C
in FIG 1A). Jhe | i ' 0 not used for accelerating bus, and
may be en d"ehegﬁsggg&g%gﬁﬁ%fe%g%{%ﬁrd .Y‘? required. For high accelerations or
starting st egbcddrhtich mbé® | C engi ne can be utilized at all speeds if the

automatic transm ssi on is' fitted. For an _errbodi ment yvhi ch includes a clutch
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entirely sat.l | ' I k be
2Pl § odt o) b thgh ¥lodpt and 3¢ A ritaftr SOIb o Ohif QAT Spptd, WY BT
over| oad tacomultoripesssraP, hashden ffhintainedivialte hykirestaticgminp 107 tieablehdid widl
predom nantly used for cruise whilst the batter ack 103 has a _nediumto
hi gh st at eb@epearandghe bigkeAll aa the f&@fén@fnaeh@pgepﬁ%f subsequgnt totherrigase of e nay
be uti Iise‘g iiri g{,&]‘e?rence to the battery for both cruise and hill clinbing,
dependi ng ‘ﬂ“‘tﬁ ‘23 expected distance to conplete the mssion for the

day qp before arrivi Tee alnfbi€ishedlerfidll b§ e 15/dedstitio nathink 108, actii€adAnbery
pack 103 and hydrostatic accunulator 101 in the first formof the invention

are pref eruitilythe pequmulatar 1 &l isfalmostieomty(seepoathy AtB imFIG IA)oThd pressuresB, is
energy (ie. 5, drj ving at  anproxl ely 45 to 80 h) and accel eyation
ener gy, re’é‘ﬁ&{?‘?ﬁ"(}@b’ﬁ‘e WQ%WQFQBEH%%W‘KV SE%PFI%“HP%?%@) BTSN ranzducen 3
could alte ' e ' =l ' I In
bot h casestipery e A uithiinbittolle th o al, MSRraP fedbbil ecaRE e | 0y
the total pressugydropduihemitrdgen the aledtrienl machmepis edergiadd. yFibe ithreofieid current If isom
the electri Cilit@é grid between or during drive cycles. For exanple_ the

bat t dPy padHPlie i teapachipe and serondlycthe AERYBES otgrent Lo Theguekeatld gothie electios
(o 4 km Paeage FIO irkibesBy Ghlich MARESEI shoop Uiy ool i F Pl BBl O
a 6-7 metr elet®ichlométor ahile) continuidglo applyitdrque e tiey tallitak IMBARcHoRhlanambbli
runni ng at vehicle speeds in excess of 45 km h, the power
important inertial reaction of the elements connected to the carrier shaft 117. There is thus
a substantial increase in the speed of the electric motor leading to the most efficient regime
20 of operations (path B-C in FIG. 1A).

The IC engine is normally not used for accelerating bus, and may be engaged
above around 45 km/hr if required. For high accelerations or starting on steep hills, the IC
engine can be utilized at all speeds if the automatic transmission is fitted. For an embodiment
which includes a clutch under the above conditions, the IC engine drives the pump 107 to

25 transfer power to hydrostatic motor 105.
(ii)  Cruise mode

The vehicle operates at cruising speed as a normal electric omnibus and this
is entirely satisfactory on flat terrain as a continuous power of 40 kW can be applied to the
tailshaft 115, with higher power levels available on motor overload to cater for any small

30 hills. The electric motor 110 is predominantly used for cruise whilst the battery pack 103 has
a medium to high state of charge. When the state of charge falls, the IC engine 113 may be

utilised in preference to the battery for both cruise and hill climbing, depending on the



15 absorbed by the battery charge function of the electric drive unit
can provide the torque equivalent of a 0.5 ns[err] retardation. In this
scenari o W@9'4M82ri c machi ne 110 operates as a generator tRCEHAPPIORENt t he
charge state of the battery pack 103. Fo 3a normal decel eration of the -
vehicle the mcrocontroller 122 sets both the field current I[err] and the
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auxiliary R84S 9t&the) dhnitusdi sengaged and the speed of the engine is
adjusted to bris(ng t he S?esgurg 5 with the flow of oil fromthe

hydr ost at i @iipumDetelération3dddebar in an appropriate time. The engine idle
power used to charge _the accunul ator 101 can be obtained at_ virtually no
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20 (see FIG. 1A) down to an electric motor speed of 3000 rpm. At this point, the electrical

t he

motor can no longer produce a significant torque, whereupon the displacement of the pump
105 is increased. This reduces the electric motor speed rapidly to zero (point F in FIG. 1A).
From this point the hydrostatic machine 105 controls the torque to the tailshaft 115 following
the application of the brake 111 on the electric motor 110. Regeneration down to zero bus

25 speed (path F-A) is thus possible producing sufficient torque to generally require minimal
application of the vehicle wheel brakes.

It should be noted that a brake on the hydrostatic machine is optional as the
swash plate angle of the hydrostatic pump/motor 105 can be set at a maximum value
(pumping) when the motor current is positive and the accumulator valve 104a is closed.

30 These settings effectively lock the carrier shaft 117. For electric regeneration, the swash plate
angle is reversed and the accumulator valve 104a is closed to again lock the carrier shaft.

(iv)  Stationary mode
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15 pl aced between the engine and the first gear set 116 driving the punp
(while still retaining a clutch between the two gear sets 116, 120) which
woul d i ncreass/frtse flexibility in operation. However from a pefracddsiedrs
standpoint, this may not be worth the ex&ra mechani cal conplexity as the
punp 107 could be fitted to the front of #he engi ne and the torque
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The operation of the propulsion control means which includes microcontroller

122 and memory 123 will now be described in relation to the control flow chart shown in

FIG. 5. The control algorithm is an embodiment of a method for controlling a hybrid

propulsion system of the first form of the invention. The propulsion control means controls

25 the drive units from which the power and energy is delivered to or from the tailshaft, and

which path will be taken by said power or energy within the hybrid propulsion system. It

will be appreciated that the algorithm is iterative and responsive to changes in power demand,
propulsion system state and vehicle operating mode, as described below.

With the flexibility available in the microcontroller 122, for controlling both

30 the field and armature currents, as well as the displacement of the hydrostatic pump 105,

optimum condition for charging can be used for any state of accumulator 101 charge if for

some reason the IC engine is not available. When the internal combustion engine 113 is



15 vehicl e operator and sent to the mcrocontroller 122. In the case of
a demand for positive power 204, and with reference to FIG 5B, the power
i's suppl i edobgarss her the electric notor 110 or the main hypCDARSNE275
punp/ not or 105. The choice of which unit,to use is dependent on the

propul sion "system state". The system st% e is determ ned froma nunber of
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of the hydrostatic punp/potor 105 woul d be exceeded, the el ectric notor 110

i s sel ect eEPTAOSHIVEPONFT, 1.¢-ft0 AEERICTAtST torfEuise QA demad fop braking of the ehielga

is closed . he ost. a4 ' F t 208 .Th
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a level de 8iive 202, k610 2083V dficls sbpedioripasitinaR0Lr KsBadnt 8diet fifrelation to
accel erati on demand. When using the electric notor 110 to drive the

vehicl e, aFtGrbhithedenandsigngbliets derived from agransducerwhishds manually opargtedebynibie|
be applied_at. ste 10 dependi on th ta of charge of the battery pack
103, fterV%E%Iapﬁﬁf%‘braﬁngeg%}&gttg‘?@mé?coé"i@ger2 9 |f the battery pack is fully
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addi ti onal power is added by the IC engine. the battery pack is near
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the IC engine, the hydrostatic and electric motors and the current vehicle operating mode

which are obtained in step 205. Based on this information, one or more of the drive units is
selected to drive the vehicle in step 206. The power (or torque) generated by the electric
motor or the hydrostatic motor is varied depending on the demand signal Dy,

25 For example, if there is energy available in the accumulator the hydrostatic
motor 105 is used to drive the vehicle after ensuring the mechanical brake is applied to the
electric motor at step 212. The swash plate angle Ag of the hydrostatic pump/motor is varied
in accordance with the available accumulator pressure P, and acceleration demand at step
213. The IC engine 113 is used to supplement the drive power. The engine’s throttle

30 opening Oy is increased at step 215 only after maximum power is being extracted from the

hydrostatic motor, as indicated by maximum swash angle test 214.
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woul cg process applies as shown in FIG. SA. The system state is obtained at step 217 and used to

determine at step 218 which of the regenerative units (i.e. the electric motor/generator or the
hydrostatic pump/motor) may be used to absorb energy from the vehicle. When regenerating
at step 219 with the electric motor/generator 110, it is normally only possible to regenerate
into the battery pack 103 down to approximately half of the electric machine's maximum

25 speed, i.e. to approximately 3000 rpm. (In contrast when motoring, power can be applied
from the electric machine over the entire speed range). The negative power demands are
preferably handled by either the electric machine (as above) or by the hydrostatic machine
pumping fluid pressure into the accumulator, whilst the other machine is held stationary, see
steps 220 - 221 and steps 223 - 224.

30 With the hydraulic unit, regeneration at step 222 can be conducted at any
speed within the design limitations of the hydrostatic pump/motor 105. If the accumulator

101 fills during this operation, the pump may still be used to brake the vehicle with the
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20 (@ Above a speed of 15 km/h the IC engine can be clutched in providing 120 - 150 Nm
of tailshaft torque with no loss in an embodiment not employing a torque converter
or automatic transmission installation.

(b)  The IC engine can deliver power of 24 kW via the hydrostatic pump 107a, hydraulic
circuit (FIG. 3) and the hydrostatic pump/motor 105 to provide a higher cruise speed

25 of up to 100 km/h. This calls for an engine speed of 3000 rpm, an electric motor
speed of 6000 rpm and a hydrostatic motor speed of 600 rpm operating with reduced
displacement. Although this is not the most energy efficient mode of operation, it
enables some over speeding of the bus beyond the nominal design speed of 80 km/h,
without over speeding the components of the hybrid propulsion system.

30 The microcontroller 122 preferably facilitates adaptive operation, being

arranged to record statistics of various propulsion system parameters, including armature

current I, and manifold pressure P,,. For example the occurrences of armature current I, of
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electric
20 It is possible to meet the rigorous torque demands over a rapidly changing stochastic speed

profile with minimum energy losses because the components are connected in such a way

that they can be used when their losses are at a minimum. Furthermore, all electro-

mechanical components have different levels of loss as a function of torque and speed and

in the case of the energy storage elements different levels of loss depending on the rate of
25 energy extraction.

Another important criterion relevant to the energy storage systems is the total
energy storage capacity and the associated standby losses. In the total system described above
each of the 3 sources of energy can be utilised effectively for all reasonably expected traffic
conditions in any congested city. The omnibus is equally at home in a situation of 5 stops

30 per kilometre or a reasonably hilly environment. It is designed with the aim of utilising less
than 20% to 30% of the fluid fuel energy of a pure IC engine driven bus in stop start driving

situations between 100 and 200 km ranges respectively. Hence it is preferable to limit the
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maintains the accelerative performance of the bus, particularly if the preferred muiti-stage

20 accumulator with low pressure ratio is employed which ameliorates the pressure drop which
normally follows charging. This arrangement, even where no IC engine is used, can achieve
consistently high accelerations in relatively flat environments.

The component sizes for the various example drive units discussed in relation
to the first form of the invention are for a 6 to 7 tonne omnibus. Components for other bus

25 sizes may be scaled linearly in accordance with anticipated GVM if the normal maximum
speed is 80 km/h. However, for CBD operation 60 km/h in a more than adequate top speed
capability and in cities such as Singapore, London and New York which have relatively flat
topography the component sizes are adequate for a 14 tonne, 12 metre omnibus. The
acceleration performance scales on the ratio of maximum bus kinetic energy and a bus of

30 nearly twice the mass at 60 km/h has approximately the same energy as the smaller bus at 80
km/h.
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t 0 r espect mightubahn extarhal dombaptian/erigine ig ke foom 082 gas tarkihe orthe liké.t Thd internal

combustion (IC) engine 313 is coupled by an auxiliary transmission 314, preferably via an

automatic transmission, to a tailshaft 315 of an omnibus. The second hydrostatic

20 pump/motor 307 is coupled, by the first gear set 310, between the internal combustion engine
313 and the auxiliary transmission 314.

A flywheel 303, which is depicted in FIG. 6 as being incorporated in the
epicyclic gearbox 321 merely for the purposes of illustration, is coupled to the first
hydrostatic pump/motor 306 via the epicyclic gearbox.

25 A battery pack 304 is in electrical circuit with an electrical energy conversion
means in the form of a motor controller 316 which supplies drive current to an electrical
machine in the form of a direct current (DC) electric motor 317. The drive shaft of the
electric motor 317 is coupled to the first gear set 310 on a common shaft with the second
hydrostatic pump motor 307.

30 The first hydrostatic pump/motor 306 is preferably coupled to a ring gear 319
of the epicyclic gearbox 321, the flywheel 303 is coupled to a sun gear 318 of the epicyclic
gearbox 321, whilst the planetary gear carrier 326 is coupled to the hydrostatic pump 308
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In the third embodiment, the fluid drive unit, the kinetic drive unit and to a

lesser extent the electric drive unit are the primary drive units and are configured to perform
in respective regenerative modes. In contrast the combustion drive unit performs in a
secondary role and preferably does not operate regeneratively. The particularly preferred
25 objectives set out in relation to the embodiment shown in FIG. 2 relating to minimisation of
losses and the modular arrangement of drive units also apply to the this embodiment. An
example of the modular arrangement is that the electric drive unit of the present embodiment
may be omitted in a further embodiment of the second form of the invention.
In a similar fashion to the first form of the invention, the microcontroller 322
30 receives a signal indicative of the pressure P, in the hydrostatic accumulator 301 of the fluid -
drive unit and provides control signals, such as swash plate angle Ag and valve settings to the

manifold block of the hydrostatic pump/motors 306, 307 and valves 305 in the hydranlic
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20 2:1 in the embodiment. The pressure drop across the hydrostatic machines is limited to 345

bar by high pressure regulating valve 324b There is also a first non-return valve 325a
between the accumulator 301 and the low pressure portion of the hydraulic circuit which
prevents discharge of the high pressure portion of the hydraulic circuit. The fluid drive unit
may operate in both closed loop and open loop configurations, utilising an additional
25 hydrostatic charge pump 308 instead of a capacity limited low pressure accumulator typical
of the prior art. The charge pump 308 may be driven from the tailshaft 315, or directly from

the IC engine 313 in other embodiments (see FIG. 8).
The primary accumulator 301a is an oil-nitrogeh type with (for example) a 50
L capacity, whilst a secondary 20 L accumulator stage 301b (approximately half the size of
30 the primary) is used without oil and connected on the gas side of the primary accumulator
301a. This staged accumulator configuration is similar to that described in relation to the first

embodiment.



the throttle assenbly 312 under control of the mcrocontroller 322, which
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wi |l be sone applications where it is preferable to store the energy
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and for Sp%ggesd laS?o%natic transmission 314 with lock-up on the 3rd and 4th gears, such as a

conventional item manufactured by Allison for use in truck and/or omnibus applications. The

5 litre IC engine is capable of accelerating a 12 tonne omnibus to 60 km/hr in approximately

17 seconds. The vehicle is thus independent of the regenerative hydrostatic-flywheel system

25 for vehicle operations at normally accepted performance levels but with correspondingly
higher fuel consumption, should the regenerative system be unavailable for any reason.

The speed map in FIG. 1B shows the relationships of the speed of the three

shafts of the epicyclic gearbox 321 and consequently the speeds of the vehicle, the first

hydrostatic pump/motor and the flywheel. The epicyclic gearbox of the embodiment is a gear

30 set from a 200 kW epicyclic gear reduction unit for a marine gear transmission and would be

suitable for this system, but would be limited in torque to approximately 900 Nm on the ring

gear, 1360 Nm on the carrier and 475 Nm on the sun shaft. The first hydrostatic pump/motor
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Operation woggresr inertia rati os may not be as energy effi qeamiudswozishe

m crocontrol l er 322 coul d be progranmed \gi4th an 20 adaptive al gorithm
to optimse the nmethod of storage and extraction of energy fromthe

fl ywheel 3Q3. Th orqu el ati pnshi p .bet he, t hr ee shaf of .t he
epiycycl ic gagmlid%?f&@?{ %&Gﬁﬁrwpggﬁwvﬁﬁgtthﬁp?ﬁﬁw ?’H’E‘F’bgfﬁ‘tqthﬁ sgqamd
ear 318 t RTA; ' [5CariOhR! 03
gnd tailsh F%’hgeiﬁlr(gg%gg#g@%% g;brﬁ%ﬁag ?}?e spegéﬁgge%oiﬁc%*maﬁhé
ring gear %iternab2 Midlyseiree] 303 WHich for eRarfifle isvb 600 diampesdy 180ke; 0G0 Hih teelt he

first hydrostatic punp notor 306. The qgperational nodes of the hybrid
propul si on f¥ydeeln of t he | FReHywbeelgan bensgd de ingreaseithe inepfia pf thef eahigle byt o

t he speed A] | sphee at { flywheel 303
oper falt%gs a{gﬁﬁ’ﬁ?i‘"%wh% f%(%gi %&V%I‘Pﬁvlmﬁlgerﬂiggg%gpﬁgéls?@m Sﬁf SRR sing the
303 is couppesti vatidtion dilninduliding tepSeraphl ForSspeed¥aisisbh S559ehP! ARBHHF RiichAS
the carrier shaft 326 is directly connected to the tailshaft 315 its speed
i s direct| pmalleninaeasy inhinextighiscokiainpd dy. satting rthsiraspeciye displicembnts of the
tailshaft is ,3000.rpm.at 103, km h. vehicl e speed,,The rin 35 shaft Is
connect ed % df%gaan‘?’F%?%g Wi tgﬁflnéﬁ’é ﬁBﬁ?d%ﬁﬁ?rﬁﬁ‘f?g‘t Jhisis e fosqunepting ther gy
storage syshifiha Wineh PP f a
not or and 3551 a p\tfjwrr%% !hrxll%c oséggh?ﬁ%gisdts ;t]‘%)f)%)rﬂatlor?iﬁ&?isflth(a ep%%g@? é?%?gfﬁﬁnigge 5
Thi s Hbde dbzldzatie bétwaen theaing ardrcaniertsheftyefithe lepicicliarm ehaed 1694 increasdia a
hi gher desiyed speed. qr when additional torque is required for hill

clinbing. (hg metiaiof theybitree  Thsr B¥whee) otationab speedaSamaynbe ymonitered dys theed

range O to | [ biod ( [ .ener a
controll ed n?ig e '?%1}#?2% ‘?W\Egsé*g{’ iﬂ[{ge ?‘%’Ef’%‘iﬁés@?mzm%%?ﬁ@g S&Héesrglégegraﬁa}sr st
a direct nighiplaemenrdiangedaonthdl ¢t roftdsiie thesfeghtiveafirebtich, # total BRHEMWThEm@Eear
to the tail shaft 315 of the ommi bus and secondly via the two hydrostatic

machi nes t dnerpeses by afacioraiid. Hand this ia appligeblecfor spaedsbetvicom 38 kuh/h hud 50 nyhe
tfai I f{:aft. The. vehi (r;tl}e IS ﬁ cel er at erﬂ. V\Qen tBe s%/vash ’t%n%e Alerr] of the
firstthydrostatic punpfAbtd TShARIE T PV YT E " BHREPYT Yiq Yore e eneEy
dependent GRedhRicAIRS Ml tAE Ahg BRH ddtRary Vi hilld 1RssSNas D6 ﬁ{'ﬁgﬁ afll ?&f%ig{s F}%&%

second hydrostatic punp/ motof 307 attached to the first géar set
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on the speed
re

asonably high average speeds with undulating topography. Operation at other inertia ratios
may not be as energy efficient but the microcontroller 322 could be programmed with an

20 adaptive algorithm to optimise the method of storage and extraction of energy from the
flywheel 303.

The torque relationship between the three shafts of the epicyclic gearbox 321
may be determined from the speed ratio of the sun gear 318 to the carrier 317 of 0.33, which
are coupled to the flywheel 303 and tailshaft 315, respectively. Similarly the speed ratio of

25 the ring gear 319 to the carrier 317 is 0.66, which ring gear is coupled to the first hydrostatic
pump motor 306.

The operational modes of the hybrid propulsion system of the invention will
now be described with reference to the speed map shown in FIG 1B. The speed map shows
that the flywheel 303 operates always in the positive flywheel speed regime. The flywheel

30 303 is coupled to the sun shaft 318 and has a maximum speed of 5000 rpm. As the carrier
shaft 326 is directly connected to the tailshaft 315 its speed is directly related to the vehicle
speed. The maximum speed of the tailshaft is 3000 rpm at 103 km/h vehicle speed. The ring
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306 changes sign (ie. the du'ectmn of rotation reverses) and, although the swash angle does

20 not change, the machine changes from a pump to a motor with the torque remaining positive
for drive.

At point T (a speed of 70 km/h) on the speed map, the first hydrostatic
pump/motor 306 has reached its normal maximum operating speed of 3000 rpm. The swash
angle Ag, of the first hydrostatic pump/motor 306 is set near zero and the flywheel is

25 maintained at a low speed of approximately 1500 rpm with an energy content of
approximately 180 kJ. If the displacements of both hydrostatic machines are set so that the
speed of each machine is the same, then the effective inertia of the bus is increased by 16%.

Vehicle speed in fourth gear can vary, such as along path U-V on the speed

map, which has an effective inertia increase of 11%, with mechanical energy storage in the
30 flywheel with the effective inertia dependent on the speed ratio of the hydrostatic drive or
with hydraulic energy storage, either at constant or variable speed. There is little need for

inertia increase at vehicle speeds above 60 km/h.



Simlarly, at a cruise speed of 60 kmhr and with the I C engine 313 .
mani fol d pressure P[err] reduced to |l ess than 0.7 bar, energy can be stored
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pl aced in neutral. The flywheel 303 speed increases along a trajector X

W
on the speBdMpake diasehoth thencgymplator 304 pnd Sywihed P03 for encige storagedhe é‘yzﬂhti |

t he. eed [ .alic {. r S, 1 ]

et BT e Bt BFne sctha BYSC AR bl BB 0810kt X e eBPtpRee By A3 gy s |
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di schar ges tlﬁﬁsfféﬁﬁxgaﬁbvi'é?t #aNAé Hydkdulit circuit, ie. with second hydrostatic machine 307
20 motoring and first hydrostatic machine 306 pumping thereby driving the flywheel to higher

speeds. At vehicle speeds in excess of 60 km/h the accumulator 301 as well as the battery
pack 304 can be utilized by the second hydrostatic machine 307 and the N132L electric
machine coupled to the engine 313, respectively. The 70 litre accumulator can store 500 kJ
and the second hydrostatic pump/motor 307 can utilize this energy at rates between 50 to 150
25 kW (depending on the vehicle speed and accumulator pressure P,) whilst the electric motor
317 can deliver an additional 30-40 kW relatively efficiently from a 1500 kg battery pack
304.
(B) Hydrostatic power (limited energy availability): for speeds of 60 to 80 km/hr
and a flywheel speed of 1500 rpm, the second hydrostatic pump/motor 307 can pump in order
30 to store energy in the accumulator 301, with the hydrostatic pump 308 acting as the priming

pump. Note that at these speeds the automatic transmission 314 is preferably in fourth gear



val ve. However this situation would not occur in normal retardation and at
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20 omnibus is being stored very efficiently in the flywheel 303.

(B) Retardation from speeds below 50 km/h: when the first hydrostatic
pump/motor 306 speed reaches zero, the swash angle is set at a maximum for maximum
retarding force and the speed of the machine changes sign with the unit now acting as a motor
without a change in sign of the displacement angle. The path taken is shown as X - Y in FIG.

25 1B and a significant amount of the available bus kinetic energy is transferred into the
flywheel. Should the accumulator pressure fall to near minimum, the automatic transmission
is put into gear and the swash angle Ay, of the second hydrostatic pump/motor 307 is
modulated to achieve the required pressure and torque on the first hydrostatic pump/motor |
306 on the ring gear shaft. Thus an additional regenerative torque is applied by the second

30 hydrostatic pump/motor 307 on the tailshaft.

(C)  Retardation from speeds greater than 60 km/h: occurs due to the significant
aerodynamic drag at such speeds, assisted by the electrical charging of the battery pack 304



accurmul ator 301. (O Battery charge: will generally be achieved using the
mai ns supply, rather than 20 a power unit internal to the hybrid
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(C)  Battery charge: will generally be achieved using the mains supply, rather than

20 a power unit internal to the hybrid propulsion system.
A hybrid propulsion system configured in accordance with the invention has
a high degree of flexibility, as the above description of the various operating modes
demonstrates. The energy storage capacity of the 70 litre accumulator is 500 kJ whilst that
of the flywheel is 2 MJ. The size of the hydrostatic machines determines the torques and
25 hence the rates of acceleration or retardation. However, the distribution of the energy into
or out of the two energy storage means is relatively independent of the torque levels. Higher
torques preferably utilize the flywheel in preference to the hydrostatic accumulator for energy
storage.
Flywheel energy storage when the first hydrostatic pump/motor 306 is near
30 zero speed is very efficient, as is the use of the flywheel when the pump/motor is held
stationary and the automatic is locked up in fourth gear. When the first hydrostatic

pump/motor speed is small, the power from the flywheel can be extracted mostly



87% and the flywheel approximately 90% FIG 8 shows a fourth enbodi nent of
a hybrid propul sion systemwhich is 20 particularly suited to high speed

Crui se opy@bd/#sz Where it is inportant to substantially elpiciyAwusmozise
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coupled to the epicyclic gearbox 321 and thus indi rectlé to the flywheel
303 and t aflywhagl Iawevesgeatinpausdiigh ppwer aa g achieved at B \kan/hnby changing they

of maintaining t.he sane tor en changing fro ositive,tn negatiye
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capacity, such as 10 O Nmor nore fromO to 4000 rpm is connected to

the ring gear 319 of Theeegsperyivt opergBanbofths 2fsteriiuge A€ pcirestatic machines and
electric driv 335, 334) can also act as a geperator for rechargi ng the
bat 4y paliV e SR BF SR, Ph N Bomist KT Hid RSB QoS Fpr
shaft 315, .4 : - S iena B . i : is r |

egat | v, el oRilhe Tho ) chhumition' g cofiidcifhly ifriRl, wRlE Geinh

the AC nac hiweys 3pérathiy &t aasfficiemiy@f graaterthae22 %] the hydeowtatitymashine ilheéxcess of
fl ywheel . Thoe reverse situation ap Iieos for regeneration, i.e. the AC
machi ne 3387%cand the flywhesl @paroximatebnP’pat h WX and as a motor al ong path

path in FIG 15, Tne Tgnp i teiel fmBrlet B e bnbReRaiion et iridh '~

si npl2® and phakukelSfuited to high speed cruise operations, where it is important to substantially

eliminate the losses associated with the second hydrostatic pump/motor 327. In this
embodiment a modified gear set 328 is moved to the other side of the auxiliary transmission
314 from the IC engine 313, when compared to the first gear set of the embodiment shown
in FIG. 6. This is facilitated by the inclusion of a further gear for coupling the second
25 hydrostatic pump/motor 327 and electric motor 317 to the tail shaft 315. The modified gear
set provides a gear ratio of 1.25:1 between the second hydrostatic machine 327 and the tail
shaft 315 and, similarly, a gear ratio of 1.25:1 between the electric motor 317 and the second
hydrostatic machine 327. This is a convenient arrangement when the auxiliary transmission
comprises an automatic gearbox and the losses associated with the internal torque converter,
30 when not locked-up are eliminated. The first hydrostatic pump/motor 306 is a variable

displacement machine A4VSO of 71 cc manufactured by Rexroth, whilst the second



advant ages, including quiet operation, fewer conponents, and a smaller
flywheel if a suitable 20 hi gh speed epicyclic gearbox is desighed and
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second f or Fechargingehe hatteny pagk 30#iqad ﬁqréﬁmlmﬁh%laﬁtm@pr pehatacheshiorthe wilishaft

Wit o pat h bt HE0E Bl S PRI T i U e e BRI RAHE Rl R ot
propul si onygjeetdy) (il pwwe E}féeaﬁﬁﬂﬁS'L’ﬂ)t @€ A03hachbiR 33 808 8s AGnotor & Bxtract

iterative and are responsive to changes in power demand, propul sion system
stat élSand vedrgy frenuipefiywhes). Thelesverse sitiation aplies Bariregenetation/ie. thetA madhin ow

charts ol | owi ng ahbrevi at i convenr ntI t t he ke
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hydrostatlc punp/ not or” 327, coupled to first gear set 328; and [err]
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typi cal control algorithmwhich
yP advantages,gmclu ing qx\;\{gt operation, fewer components, and a smaller flywheel if a suitable

20 high speed epicyclic gearbox is designed and manufactured. Since AC motors have a high
speed capability, a higher speed rating for the ring gear could be beneficial in reducing the
size of both motor and flywheel. The addition of a mechanical brake 333 on the flywheel 303
allows the use of the AC machine 335 for additional hill climbing or acceleration power once
all of the energy has been extracted from the flywheel. However, the disadvantages include
25 higher costs, the requirement for a higher speed epicyclic (for example 10,000 rpm ring
speed) or an additional gear reduction puts a charge discharge cycle on the battery pack for
each acceleration and retardation, requires a brake on the ring shaft to reduce energy
consumption during flywheel load levelling on undulating topography, a reduction in
flywheel storage efficiency as the AC drive is not as efficient as the hydrostatic drive unit at
30 near zero ring shaft speeds where the power demand for the bus is high, and although the AC
drive would have lower losses when the vehicle is stationary and the flywheel is at high

speed, the energy has to come from the battery. Other embodiments could use a DC drive



has a primary input, nanely the input signal Dlerr] fromthe operator of
the vehicle in the form 20 of a demand for positive power, neaning power
del i ver edwbosuireszvehi cl e wheel s. The demand may be to accel BRCEAYIS/0275
cruise, or a dermand for braking of the \;ﬁhi cle (negative power), or a nil
demand. Step 401 thus determ nes whether the demand i s negative 402, none
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negative power demand (2) are continued on FIGS. 11A and 12, respectively.
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for drive, whet3di for cruise or acceleration, ie. a positive power
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has a primary input, namely the input signal D, from the operator of the vehicle in the form

20 of a demand for positive power, meaning power delivered to the vehicle wheels. The demand
may be to accelerate, to cruise, or a demand for braking of the vehicle (negative power), or
a nil demand. Step 401 thus determines whether the demand is negative 402, none 403
(vehicle stopped) or positive 404. The present flowchart then deals with an appropriate
control algorithm for the nil power demand 403. The connectors shown in relation to a
25 positive power demand (1) and negative power demand (2) are continued on FIGS. 11 A and
12, respectively.
(0) No Demand
With the vehicle stationary and no demand input D, from the driver, the
flywheel rotational speed S; is determined 405. If not a maximum speed, the electric motor
30 317 is turned off and the second hydrostatic pump/motor 307 swash angle Ag, is set to zero
406. The automatic gearbox 314 is then placed in neutral and the IC engine 313 idle power
is used to increase (or maintain) the speed of the flywheel 303, This is achieved by



node which are obtained by the mcrocontroller 322. Based on this

I nformati on, one or nore 20 of the drive units is selected to propel the
vehi cl e. (or torque) generated by the drive units,d ried
dependi ng%ys?ﬁz%ermnd signal Derr] derived fromthe vehiSPc(llleg%oszfraﬁ%r' S
console. The first step is checking 41342he flywheel speed SF to see if
there is energy in the flywheel that can be used to accelerate/drive the
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the al gorithm us en there i,s fl eel .ener avai lable. If_there is
e gy o FopREsEt Sy BbEIC Eesinnwathy simak utbcerieat Pamp iR A0E Fomectsd
checked 4 | £ L k tal ' o the speed map in
FIG 1B. gért%%gp%%ﬂccﬁeg}b%?ggﬁg |cg%ﬂoﬁgﬁggég%eﬂo¥&§%gg?é'rst punp/ not or 306
wi || change from negHtthe/flywieepiasit iaxitméf spéed, the Accunful L pdssuie P £ sehgclodid
the flywheel speed decreases. The first hydrostatic nmachine 306 will

30 .
oper al e asi09. Jtiths ageumydeiar is et Wlcthyg idlepowerof be 1Gengine ran haussd sxcharge 48Ut
any change,in swa ngl e errl. \Wen pu Qry 306 4.5 at zerq speed. . it
o or of o dbe BeidloReie I oo SRR, JP bRy eetid p Sl FRET A,
stored  th3 RB&hHNMtEAS ML, Meqd drisl isVRt (&Y Thé %a‘ﬂ? ang, ¥htdheGtla ¢MNIARS
energy fromthe flywheel 303 as the vehicle accelerates. |If the speed
(rot at i on)contition®. Subsequenglsall puatp/motoas drerset BBra swashgad itheeelédtiik edotort 317
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on thg accgher ap) 5@%}% ]. The oil from machine 306 can flowto
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by the driver 420, power Can t ectrica 421 by the electric
motor. |f speedbf thetlClepdinesthe hydrostatidandee]&bific motorp endathergrrest vehjulepperadng he

second hydrostati ¢ machine 307 as a notor, wth the accunul at.or control
val ve 304amegewhickare gptpined by the microcontroller 322. Based on this information, one or more

-

20 of the drive units is selected to propel the vehicle. The power (or torque) generated by the
drive units is also varied depending on the demand signal D, derived from the vehicle
operator’s console.

The first step is checking 413 the flywheel speed S; to see if there is energy
in the flywheel that can be used to accelerate/drive the vehicle.

25 (a)  Flywheel energy available: FIG 11 A deals with the algorithm used when there
is flywheel energy available. If there is energy available, the speed of the first hydrostatic
pump/motor 306 is checked 414 to see if it is positive or negative, refer to the speed map in
FIG. 1B. During vehicle acceleration, the speed of the first pump/motor 306 will change
from negative to positive as the vehicle speed increases and the flywheel speed decreases.

30 The first hydrostatic machine 306 will operate as a pump at negative speed and a motor at
positive speed without any change in swash angle Ag,. When pump/motor 306 is at zero

speed, it is preferable to have maximum pressure in the accumulator 301 so that the stored



flow to the notoring nmachi ne 307 and the accunul ator 301, at step 422. \Wen
the second 20 hydrostatic nachine 307 is at | ow speed, nost of the oil

fromthe wosidygszachi ne 306 will flow to the accunul at or 3fdT/A%98/002¢5 speed
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accel erati on swash
20 hydrostatic machine 307 is at low speed, most of the oil from the pumping machine 306 will

flow to the accumulator 301. As the speed of the second machine 307 increases, more oil
will flow through it instead of going to the accumulator. If the maximum hydrostatic power
is being transferred 423 and further acceleration is being demanded, energy can be added
from the IC engine by putting the automatic into drive and increasing the IC engine throttle
25 424,
If the speed (rotation) of first pump/motor 306 is positive, it must operate as
a motor to accelerate the vehicle 425. If there is energy in the accumulator 301, second
pump/motor 307 will generally not be used 426 and the energy in the accumulator used 427
to drive the first motor 306, unless accumulator pressure is very high 428. The swash angle
30 Ag, of first pump/motor 306 will depend on acceleration demand D,,. If the maximum swash
angle of first pump/motor 306 is reached 429 and further acceleration is demanded by the

driver, energy can be added from either the electric motor or the IC engine. The automatic



s not at maximum the idle power of the I1C engine 313 is transferred to
the vehicle via 20 hydrostatic punp 308 which adds to the oil flow °
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is not at maximum, the idle power of the IC engine 313 is transferred to the vehicle via
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20 hydrostatic pump 308 which adds to the oil flow helping to maintain the pressure of the
accumulator 301. If the maximum swash is reached 438 and further acceleration is
demanded, the automatic gearbox is placed into drive and the throttle of the IC engine
increased 440. If the maximum desired engine power is reached 441 and further power is
being demanded by the driver, power can then be added 442 by the electric drive unit if

25 available.

If there is no energy in the accumulator 301, energy is supplied 443 from the
battery pack 304 and the IC engine 313. The accumulator valve 304a is closed and the
second pump/motor 307 set to zero swash as it is not utilised 444. Depending on the state
of charge 445 of the batteries, energy is added 446 either from the electric motor or the IC

30 engine or both together. If the state of charge of the batteries is high, the electric motor is
used first. If maximum electrical power is being applied, the IC engine is then used to

supplement the power. Ifthe state of charge of the batteries is low, the IC engine is used first



punp/ notor 306 is providing sufficient braking for the vehicle. The IC
engine 313 will be 20 at idle with the gearbox 314 in neutral (the idle

fuel powekysotddsbe used with hydrostatic punp 308 for an apidr/iivesied27shar ge
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pump 308 for an additional charge into the accumulator). If the swash angle of pump/motor
306 has reached a maximum and further braking is demanded, energy can be stored in either
the accumulator by using the second hydrostatic machine 307 as a pump or in the batteries
by using the electric machine 317 as a generator. Accordingly the system state is assessed
25 455 and a regenerative mode determined 456 on this basis. If the vehicle speed is high, the
second hydrostatic machine 307 will generally not be used and regeneration energy will go
into the batteries 304. However, for high braking demands, both second hydrostatic machine
307 and the electric machine 317 could be used. If the vehicle speed is low, or the electric
machine speed were not high enough to store energy in the batteries, the electric machine will
30 not be used and second hydrostatic machine 307 operated as a pump to store energy in the

accumulator 301.
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20 hydrostatic machine 307 as a pump or into the batteries by using the electric motor/ generator

as a generator. Again the system state is assessed 465 and a regenerative mode determined
466 on this basis. If the vehicle speed is high (unlikely if the flywheel is at maximum speed),
second hydrostatic machine 307 will generally not be used and regeneration energy will be
transferred into the batteries. If the vehicle speed is low, or the electric motor speed would
25 not be high enough to store energy in the batteries, the electric motor (unless an AC machine)
will not be used and second hydrostatic machine 307 operated as a pump to store energy in
the accumulator.
The propulsion system of the embodiments of the second form of the
invention have several advantages over prior art arrangements for transit applications. When
30 very high accelerations are demanded by the driver, the flywheel, accumulator, ICE and
battery can all be used and brought into operation sequentially as power demand increases

or as the available energy in the fiywheel and the accumulator decrease. This situation arises



20 envi ronments sonme conponents of the system need not be installed.
These environnents include | ower maxi num speeds, | ower accel eration

dermands, wevwghyrspads, or where adequate high rate battery pbaagiosgoxsati ons
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15 approximately the same energy as the smaller bus at 100 km/h.

The propulsion system of the invention is believed to be the first to be
proposed with up to 4 different energy sources available for vehicle propulsion. The
propulsion system will perform in all possible transit omnibus operating conditions in any
major urban area. The versatility of the system is such that when operating in less demanding

20 environments some components of the system need not be installed. These environments
include lower maximum speeds, lower acceleration demands, level roads, or where adequate
high rate battery charging stations are available. This versatility reduces the capital cost of
the vehicle whilst meeting operational requirements with minimum energy consumption. It
also enables the use of the preferred and most efficient source of energy and a balance

25 between electricity from the grid or fluid (liquid or gaseous) fuel for the IC engine.

This modular concept for the propulsion system can be further demonstrated
by the following example configurations: .

1)) Battery-hydrostatic accumulator-flywheel system for the CBD where rapid charging
facilities are available;

30 (I)  Fluid fuel (IC engine)-flywheel system for long distance omnibus operations, without

the use of the battery or the accumulator; or
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mnth a pIurallty of predeterm ned nodes corresponding to a driving cycle of

said vehicle. 2. A hybrid propul sion systemas clainmed in claim1
wherein e ?ﬁe first, 15 second and third drive ur*é,dls‘, AUSKO0ISES a
different type of energy storage nmeans. 3. A hybri d propul sion

systemas clainmed in either claim1 or A8herein the power splitting
mechani cal transm ssion includes an epicyclic gearbox having a ring gear on
a first shei, Elmmebaam@nehﬂmb@hbammﬂa drive) hntnahydrgetatic sachines
assenbly on a thlrd s%%“ : A hybrid propul sion system
as clained in cP %ﬁe (a) the ring gear of the epicyclic gearbox
is arranged for coupmghsutt dne gpeélhgiifbfnt the(dih has! béenf {0 8bsceibé ke BPéi‘érrédS
coupled to the sun gear of the epicyclic gearbox; (c) the second drive
unit i s coembediments bf thel mventiony withaut hmitmgetheamyentidn tefany eonepispeat] form
gear bx; and 2 third drive unit is coupled to the tailshaft
via af auxPT?&thﬁﬁﬁﬂg%PyﬁqupﬁﬁsnlSS|on wher eby the epicyclic gearbox
delivers torque to the tailshaft for propelling the vehicle or receives
torque fromthe tailshaft for retarding the vehicle. 5. A hybrid
propul sion systemas clained in any one of clains 1 to 4 wherein: the first
drive unit includes an electrical energy storage neans and an associ ated 30
el ectrical energy conversion nmeans; the second drive unit includes a fluid
pressure storage neans and an associated fluid pressure energy conversion
means; and 50 the third drive unit includes a chem cal energy storage
nmeans and an associ ated conbusti on engi ne. 6. A hybrid propul sion
systemas clained in claim5 wherein the predeternm ned nodes coordi nated by
t he propul sion control means include: 5 (1) an accel erati on node,
wherein the fluid pressure energy conversion neans or the electrical energy
conversi on neans supplies power to the tailshaft, supplenented by power
fromthe conbustion engine as required; (ii) a crui se node, wherein the
el ectrical energy conversion neans supplies power to the tailshaft,

suppl ement ed by power fromthe conmbustion engine as required; 10 (rii)

a decel eration node, wherein each ofthe fluid pressure energy conversion
means and the el ectrical energy conversion nmeans are operated '
regeneratively to recover power fromthe tailshaft and supply,

respectively, the fluid pressure storage neans and the el ectrical energy




storage neans; and (iv) a stationary node, wherein a selected drive unit
supplies power for replenishing the 15 fluid pressure storage neans as
requi red. wo.98/47732- - - A-hybrid propil si on system as cl ai mpCIWAUBIOALTS 3
wherein: (a) the planetary gear carri ?? assenbly of the epicyclic gearbox
is arranged for coypkhddiat Bech Repldcad | shat't; (Db) the first drive unit is

coupl ed t?: t‘g&ﬁ%i ng pi cyclic gearbox; 20 (c) t he second
drive uni £k upl HW E‘ E gear of the epicyclic gearbox; and (d)
the third drive uni Lo the tailshaft via an auxiliary

mechani cal transm ssion; whereby the epicyclic gearbox delivers torque to
the tailsHaft for prAhybtidpgopuision eysterh donnse incedhiale operatjoms, fsaidnpropelsion
tail shaft for retarding the vehicle. 8. A hybrid propul sion

syst em as S¥$igmiReludiBgany one of claims 1, 3 or 7 wherein: 25 - the
firste dri unit i nel s . tﬁf& 1at ed
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nechani cal(benergfirs tdveoenitrenigedafos! regenetakive bpdration andi ¢oupled toder power
chem cal energy storage neans and an associ ated conbusti on engine. 30

9. splittingtmenhpnical eangmissiam; system as clained in claim8 further
i ncl udi f th dri 1t l.ed to t | t |
nosenbl y_ @hi oif e 1T kbl rir e ot BoR oA e Fed FedepBhasntiv,,

conver si O fRBATisERRRAUIME &ithwipblet §fitihgidciies afsniisfibaoe means. S1
10 A hybrid propul sion systemas clainmed in claim8 wherein the

pr edH er m{ded rodesd doedinitfedecduplingein parallek tosaidopewa! splittims nevhbnidal
(1) an accel eration m)die 1’Ié\a;/nerei n the mechani cal energy storage neans
suppl i es pEARSTISSION; facthe falshatkiand control | ed by power either supplied to or

sourced f r(gg' L&ﬁgél\l/%rbg Fgﬁt?tﬁ ?%e(raaﬁs for coordﬁﬁﬁﬁ% ﬁ%&%\ﬁ%ﬁhg qriV® ‘2’@; s %ﬁ?fordaréce

suppl enent rom conbusti on I ne as requir
Crui se nodgith WhRirslity of peedetemhitklintsdes Rairepoadipgltd adrivtnpedycletofisail vehidishaf t,

suppl enment ed by power from the mechani cal energy storage neans controlled
by the fl@&d pressurd hyhdd giopulsicnsystewras slaimed ixclaipyliwvhergin theo power splifting  a
Gecey o GRS b SN PSR PR TR ey
ei ther theyfRehedH &8dcof@Sh&Y and a planetary gear carrier assembly on a third shaft.
3. A hybrid propulsion system as claimed in claim 2 wherein:
(a) the ring gear of the epicyclic gearbox is arranged for coupling to the tailshaft;
(b) the first drive unit is coupled to the sun gear of the epicyclic gearbox;
20 (c) the second drive unit is coupled to the planetary gear carrier assembly of the epicyclic
gearbox; and
(d) the third drive unit is coupled to the tailshaft via an auxiliary mechanical
transmission; whereby the epicyclic gearbox delivers torque to the tailshaft for propelling the
vehicle or receives torque from the tailshaft for retarding the vehicle.
25 4. A hybrid propulsion system as claimed in any one of claims 1 to 3 wherein:
the first drive unit includes an electrical energy storage means and an associated
electrical energy conversion means;
the second drive unit includes a fluid pressure storage means and an associated fluid
pressure energy conversion means; and

30 the third drive unit includes a chemical energy storage means and an associated

combustion engine.
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sforage means or the fluid pressure storage means; and (iv) a stationary
node, wherein a sel qﬁgggemagyﬁngmagedsuppl I es power for replenishing the
mechani ca the fluid pressure stora

required. @9@5-&&1 HWDWIQ“L d propul sion systemas ¢ a 8 I n any
one of clains 1, 3 or e firs®t drive unit includes an

el ectrical energy storage neans and an associ ated el ectrical energy
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(c) the second drive unit is coupled to the sun gear of the epicyclic gearbox; and

(d)  the third drive unit is coupled to the tailshaft via an auxiliary mechanical
20 transmission; whereby the epicyclic gearbox delivers torque to the tailshaft for propelling the
vehicle or receives torque from the tailshaft for retarding the vehicle.
7. A hybrid propulsion system as claimed in any one of claims 1, 2 or 6 wherein:
the first drive unit includes a fluid pressure storage means and an associated fluid
pressure energy conversion means,
25 the second drive unit includes a mechanical energy storage means; and
the third drive unit includes a chemical energy storage means and an associated
combustion engine.
8. A hybrid propulsion system as claimed in claim 7 further including a fourth
drive unit coupled to the planetary gear carrier assembly, which fourth drive unit includes a

30 second fluid pressure energy conversion means associated with the fluid pressure storage
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the third drive unit includes a chemical energy storage means and an associated
20 combustion engine.
11. A hybrid propulsion system as claimed in claim 10 further including a fourth
drive unit coupled to the planetary gear carrier assembly, which fourth drive unit includes a
second electrical energy conversion means associated with the electrical energy storage
means.
25 12. A hybrid propulsion system as claimed in claim 10 wherein the predetermined
modes coordinated by the propulsion control means include:
i) an acceleration mode, wherein the mechanical energy storage means supplies power
to the tailshaft, controlled by power either supplied to or sourced from the electrical energy
conversion means and supplemented by power from the combustion engine as required;
30 (iil) a cruise mode, wherein the combustion engine supplies power to the tailshaft,
supplemented by power from the mechanical energy storage means controlled by the

electrical energy conversion means as required;
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wherein the fluid pressure storage means includes at least one hydrostatic accumulator and
the fluid pressure energy conversion means includes at least one hydrostatic pump/motor and
an auxiliary hydrostatic machine coupled to the combustion engine.

10 14. A hybrid propulsion system as claimed in any one of claims 4, 5, 10, 11 or 12
wherein the electrical energy storage means includes a battery pack and may or may not
include at least one super capacitor, whilst the electrical energy conversion means includes
a rotary electric machine and an auxiliary rotary electric machine coupled to the combustion
engine.

15 15. A hybrid propulsion system as claimed in claim 14 wherein the electrical
energy conversion means further includes a solid state power converter.

16. A hybrid propulsion system as claimed in any one of claims 7 to 12 wherein
the mechanical energy storage means includes a kinetic energy storage means including at
least one flywheel.

20 17. A hybrid propulsion system as claimed in any one of claims 4, 5 or 7 to 12
wherein the chemical energy storage means includes one or more fluid fuel storage tanks for
storing liquid or gaseous fuel, and the combustion engine is a spark or compression ignition

internal combustion engine.

18. A hybrid propulsion system as claimed in any one of claims 2 to 17 wherein
25 at least one shaft of the epicyclic gearbox is coupled to a brake means.
19. A hybrid propulsion system as claimed in any one of claims 3 to 18 wherein

the auxiliary mechanical transmission includes a clutch and/or a torque converter.

20. A hybrid propulsion system as claimed in any one of claims 3 to 18 wherein

the auxiliary mechanical transmission comprises an automatic transmission, preferably with
30 a lock-up torque converter.

21. A hybrid propulsion system as claimed in any one of claims 1 to 20 wherein

the propulsion control means includes a microcontroller interfaced to a series of status
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transducers and a series of control means, which status transducers and control means are
associated with respective components of the propulsion system.
22. A hybrid propulsion system as claimed in claim 21 wherein the
microcontroller includes memory means for storing therein signals received from the status
transducers associated with each drive unit, which status signals are indicative of the
operational state of respective drive units, which memory means also stores data indicative
of corresponding command signals applied to the control means for the drive units; whereby
the stored status signal data and the stored command signal data are utilised either for
deterministic or adaptive control of the hybrid propulsion system.
23, A method for controlling a hybrid propulsion system for a vehicle, which
propulsion system includes at least two drive units arranged for regenerative operation and
coupled to a power splitting mechanical transmission independently of each other, which
mechanical transmission may be coupled, in parallel with a third drive unit, to a tailshaft of
the vehicle, said method including the steps of:
receiving a demand signal indicative of desired vehicle motion; and
if the demand signal indicates that negative wheel power for braking the vehicle is
desired:
operating any of the regenerative drive units regeneratively in accordance
with current system state; or
if the demand signal indicates that positive wheel power for cruise or acceleration is
desired:
operating one or more of the drive units propulsively in accordance with
current system state; or
if the demand signal indicates that no wheel power is desired, the vehicle being
stationary:
operating selected ones of the drive units for replenishing energy storage
means associated with the regenerative drive units;

which steps are repeatedly iterated in order to control the propulsion system with an optlmum

trajectory to the system state indicated by the demand signal.
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