WO 01/ 42077 PCT/ USOQ 42698 BALANCI NG PERSONAL VEHI CLE Techni cal Field The
pr esent W({)‘Mﬁﬁ)‘l?n pertains to vehicles and nethods for tpcgAsa041¢98d
individ and nore particularly to vehicles and nmethods 5 enpl oying
control loops in which a notorized drive is included. Background Art A w de
range of vehicles and net hodsA PANKINWPERSONANSYEHICIE human subj ects.
Typically, such vehicles rely upon static stability, being 10 designed so
as to be stable under all foreseen cdiedhnicehBietd pl acenent of their

ground-cont acti ng nbers. Thus, for e g@ aV|t ve%tor acting on
the center of gravi BVSSHt%ﬂ?BHBB&*%“%&ggﬁgﬂH §88 o9SitfHE s of ground
contact of theg %\g]ﬁf}ﬁ l. I | s on
the ground at all “ti Rg lﬁdﬁ%&\?ﬁg %}ﬂ%nn% %ﬁg&gﬁ;ﬁgﬁﬁg‘ﬂgﬁ (lb‘?sg ﬁ&lb‘em&%

Al ternasively, erdpm)@lliﬁl\%c@ﬁﬂbl loopy ifeyhible arabfiridedadrivy issiatiudedof the user,
as in the case of a bicycle, or, otherwi se, by a control loop, as in the
case of the human transporter descrl bed in U S patent no. 5,701, 965 and

U S. patent application, serial no.E0§/384h50g? filed February 3, 1995,
whi ch are herein incorporated by re The bal anci ng vehi cl es

described in these A%f%l'é‘%ﬁﬁ?@ of DEMRYRand Aekho B &k ikhoW AR tris o‘?ﬁﬁgr ring,
for exanple, to Fig. 1 ein a prior art personal transpor shown
and desi gnat edwgeaasablegtsbil ypmarﬁyad;ucitﬁve}aclssu b¢lgatpdiOstatit atadhslitynbeinguppor t
platform 12 and holds a grip on a handle 16 attached to the pla form

12, so !fhat trfées\l/&mﬁdcfr%awmst@hlesu%cﬂil ingpseergprdations ofjelageragny
manner anal qulﬁ%lrbé} accoo%gétfungﬂn%gﬂﬁeérg"ﬂ&so Ionngg?l RS q%ﬂa@ftg \ﬁe\%trhat

| eani ng of the su resu appllé

about axle 22 atdﬂ@fgeﬁytmtagoﬁg}aaﬁwfahaetut@ﬂldbﬁletﬁh@séseéatwe@n thd/pBirak e 18
however, is statically unstable, and, absent oFeratlon of the control |oop
S

to maintain dyefegrioungttcamitadtiof the abjoseebilds wihieplsnthe sisgensiba keopmgopldried in
a standin 0Si I orm 12. . Anot ior art
0 on i8R oA ot B g1l R Bk BTk Ban e oL (s syt

bal anci ng vehi¥
15 Alternatively, dynamic stability may be maintained by action of the user, as

in the case of a bicycle, or, otherwise, by a control loop, as in the case of the
human transporter described in U.S. patent no. 5,701,965 and U.S. patent
application, serial no. 08/384,705, filed February 3, 1995, which are herein
incorporated by reference.

20 The balancing vehicles described in these references, however, lack
static stability. Referring, for example, to Fig. 1, wherein a prior art personal
transporter is shown and designated generally by numeral 18, a subject 10
stands on a support platform 12 and holds a grip 14 on a handle 16 attached
to the platform 12, so that the vehicle 18 of this embodiment may be

25 operated in a manner analogous to a scooter. A control loop may be
provided so that leaning of the subject results in the application of torque to
wheel 20 about axle 22 thereby causing an acceleration of the vehicle.
Vehicle 18, however, is statically unstable, and, absent operation of the
control loop to maintain dynamic stability, subject 10 will no longer be

30 supported in a standing position and will fall from platform 12. Another

prior art balancing vehicle is shown in Fig. 2 and designated generally by



1 WD 01/42077 PCTIUS00/ 42698 nuneral 24. Personal vehicle 24 shares the
characteristi of vehicle 12 of Fig. 1, nanely a suppordciigblasgogn 12 for
support%ﬁg{}ﬁﬁect 10 and grip 14 on handle 16 attached to platform 12, so
that the vehicle 18 of this enbodinment may al so be operated in a manner
anal ogous to g i 84 P&k Onaiehi SBRASHLRAL b £a ¥EN s S F 24 NIENY 108y ©
clusters 26 eaéﬁﬁ%aav?ng ar p?%raeﬁlty of \E%eel S 28,C véhi gl e 24 renains
statical ly ungtigbl, eaamely aaiupgmrt FIth(ﬁtﬂ 2 f@f supportingrsabjdcodPand grip M ai n
dynam c stability, subject 10 will no | onger be supported in a standing
posi tion and win haridie16fatiaehed 4o Phatferne 12550 thay the velvalersef thit her pri or
art vehicles may be statical isé st abl 10 such as a

il
stair-clinbing IBIENt JRY. p{SBRE ?Wr%?eéi. M Enner HB?%E%g%g"} %%goé?trﬁé'tcé],\lgl es et

al ). These sLAGA e SRR Poieft 4 Sy IRERYRterd Afdachhatdh BT Iehlity

capability. They als ack the cap ty for notion of the hicle'to be
governed by | egiiheelops hhthidp@aataraind statibgll aastable @idtabsent opdragbaklfe

bal anci ng vehicles, considerations of 15 operator safety re(iui re adoption
of special st raatcagertdoop tie maistaih cymamie stabilied subjecioewdll ng lapgen keat i ons,

i al . 09/ 184, 488, 08/892, 566, and 09/ , 051, f h f
failure of cerURPRTEFSNehT R B E%IESRMF@P%EPH@PH&%@%& }e?oﬁvggt in _
accordance with pre%%gzdof%%?&'tsﬂ%@ﬁ& ngfimtgﬁv% &%ag%\ées@éﬁ Ty sthfier € i's

provi ded a vehicle ransporti'ng a ‘hunan subj ect over a surtace that

may be g rregulsaich abheityglobakeohdise stafugipabingd etitledesérdbed LS. tpatentt he
subject, with fore-aft and | ateral planes defined by the orientation of the

support pl at f oramd, 789di48i (Dlegellss, ettahe Thisestatidally stalje yehitlesohowevendads
nodul e pivotably .coupl ed tp..t he_suppor | at f orm ..f or. suspendi t he
support pl atfd’r%?la{} gtcﬁé’agﬁPYa ?f%ﬁ8ﬁ§ﬁbﬁﬁrcﬁpg}”éﬁt-’r’&’ l(?nt%gﬂﬁr ound-
contacting rmq;g}gdgzglgg @WQ% LMindbf assS69hayor. and a notorized drive
arrangenment, nounted tothe asse (_fy or causing | oconotion of the

assenbly and the subjtbetcasvef sthtiealbunhstable balmatihy vehiubesy ebingtleratimns of

control 30 loop, in which the notorized drive arrangenent is |ncluded, for
15 operator safety require adoption of special stratagems, such as those

described in copending applications, serial nos. 09/184,488, 08/892,566, and

09/168,551, for the event of failure of certain system components.

Summary of the Invention

20 In accordance with preferred embodiments of the present invention,
there is provided a vehicle for transporting a human subject over a surface
that may be irregular. The vehicle has a support platform for supporting the
subject, with fore-aft and lateral planes defined by the orientation of the
support platform. Additionally, the vehicle has a ground-contacting

25 module pivotably coupled to the support platform, for suspending the
support platform over the surface, the support platform and the ground-
contacting module being components of an assembly, and a motorized
drive arrangement, mounted to the assembly, for causing locomotion of the
assembly and the subject over the surface. Finally, the vehicle has a control

30 loop, in which the motorized drive arrangement is included, for

dynamically maintaining stability of the assembly by operation of the



dynam cally maintaining stability of the assenbly by operation of the 2 WO
01/ 4207%%@#%1)’ 42698 notorized drive arrangenent in SpEfuseoBéyser as to
cause a I'fied acceleration of the assenbly. In accordance with
alternate enbodi rents of the invention, the vehicle may al so have a pivot

for pivotal coupbip@eafdriinCaitRPOenPIREAA Mnanrie? ab hE cHrQUNEpERREACt | Ng

nodul e and a | ocki ng nechani smfor restricting notion of the support

pl at f orm wi t h raesglecttionooftthe agsexubbz cont acti ng nodul e. The | ocki ng

mechani smfor restricting tion of the support platformnmay. be activated
igP6ute i 4B

upon interruption ofn3ssidange with alipinade e IMERfO £ing

nodul e may i ncl f1. . ]?‘5]&
forward, of a \%ﬂ?ﬁl%&é)ﬁ?ﬁ%l@ﬂr@g gﬁgk ﬁg }%gﬂ?aggog#)hégg\lf/%gu ttwgﬁgérgelnbl y
under static capdhé gessnd-toRtagtiagntodait 8et i Mecking merhamism favestridtingt

wheel rotatable about a first axis and a second wheel rotatable about a
second axis, tHBotienehthaxippersiphtionn vath rerpget (0 the greantrqostactiag. 1n

d ith further alt te enmbodi ments of. the i ' 15 th
Control 1 oop miy BB cHIS GUEE SRR 7 G RHRUaBEaAOR Bh it IRy ehi c! e

is controlled Tkt i : r f cted
by the subject qManrfl&ér]ﬁ rﬁDngEr@iaE?i{lgﬁao%lﬁgm%rhg\%ﬁ lré{ggq é%) Rl B ToRfrol ﬁ;dtplel be

The invention w

more readily urikier gtommd-tyntaeting armdule ondhinclidd holeastporoewbeelpft,amd ataken
wi th the accompanying drawi ngs, in which: Fig. 1is a side view of a prior
art perdbnal vdpagionevabegl dgrward o pevestigalilinedapugl fhe gentgr ehgtavatyeih ect
remains in a st I Sit} her eon.. i i i i of a
second pri or art?l Q%&%&%@ lur\ﬁ/%%{%é%téceé I}g‘%moﬁg ﬁ%‘ecéﬁdﬁg‘ cgccgr?% ﬁgg &%@f%ng sition
in which the supivecd fifs@ RS rofatable hBOAL AirstiBes Ah@A sehefi®WHeeFt@tatablé s a
side view of a personal vehicle having an i ndependently suspended support

platformin accboddacecond hxis, frecfegond dxisrixong mentcadineat hathpthesterst axis.
I nvention; In accordance with further alternate embodiments of the invention,
15 the control loop may be configured so that fore and aft motion of the
vehicle is controlled by fore and aft leaning of the support platform as

affected by the subject.

Brief Description of the Drawings

20 The invention will be more readily understood by reference to the
following description, taken with the accompanying drawings, in which:

Fig. 1is a side view of a prior art personal vehicle lacking a stable
static position in which the subject remains in a standing position thereon;

Fig. 2 is a perspective view of a second prior art personal vehicle also

25 lacking a stable static position in which the subject remains in a standing
position thereon;

Fig. 3 is a side view of a personal vehicle having an independently
suspended support platform in accordance with a preferred embodiment of
the present invention;

30 Fig. 4 is a block diagram showing generally the nature of sensors,

power and control with the embodiment of Fig. 3;



30 Fig. 4 is a block diagram showi ng generally the nature of sensors,
power zcaxr%g %/g}éﬁpl wi th the enbodi ment of Fig. 3; 3 WO 01/¢2R¥<00/42698

PCT/ US 2 Fig. S5illustrates the control strategy for a sinplified
version of Fig. 3 to achieve balance L sing wheel torque; Fig. 6
illustrates di agranff 6dHhbtyalebehopenitadl aratefy f@ys tingplifiadtesiorndf Fighe
wheel s of the enbodinent of Fig. 3; 5 Fig. 7 is a block diagram providing
detai|l of a driaachieye balpase usigswheeltor@iti Fig. 8 is a schematic of the

wheel notor control duri.ng_bal anci ng _and.. norpal | oconotion, ..1 i Led
Descri ption of Spechi & LaEaaI et e ety eIy FondERRRI FsttR sBbfheft o
a personal vehiid whébR of IRY bR RIiflehY 8f PigaBf orm 102 that is statically
stable, at least on level ground 104. In addition to laterally disposed
ground- cont acti ng eFigr#ris addcK diigyamt previdigigtdetail oheairjvegrintenthce cont act i ng
el enent is shom%, Ci”? 0(5 nore 15 additional ground-contacting elenents 106
are provided, &#§MB¥nad ground-contacting el enent 106 having an axle 108
not coinciding with I el f r:ﬂHE‘.’lﬁg’ i

el ement. Wiile the Fgr%qﬁ\%k%g?&falngOagg%w?‘rele{%%&}a%tf%at| 0 ?gl%%‘e é}%}) t he
gr ound- cont act hagmal prenisicd. the vehicle, it is to be understood that this
is 20 without intent to limt the nature of the ground-contacting el enent

that may be enployed within the scope of the invention. It will be evident
to persons of ordinary s 'Itl.i Dteherimecha 'écal.ﬁa_ sbt at clusters of

wheel s, 10 arcuate menbers, > exanpl es, may

be  subst i tuted for pi uheel 5 iSlcARRBBANNEHEoPEPUl kAN SeigR Jbeel s 104

hel p to define a series of axes i1ncluding the vertical axis -Z, a lateral

axi s Y-Y paral helirigoa Hhieeplaoanilogitierit switicaligstabld, 10 ledst whdevel gkbdndand a
fore- aft axis X-X perpendicular to the wheel axis. The plane defined by
the vertical a#f4 Ip-agditiantadateeallyr dispasdcsgroumndafontastong elementdfs (only

the right, or near, ground- contacting element is shown), one or more

15 additional ground-contacting elements 106 are provided, additional
ground-contacting element 106 having an axle 108 not coinciding with axle
110 of either of the other ground-contacting element.

While the term "wheel" is used in this application to refer to the

ground-contacting elements of the vehicle, it is to be understood that this is

20 without intent to limit the nature of the ground-contacting element that
may be employed within the scope of the invention. It will be evident to
persons of ordinary skill in the mechanical arts that clusters of wheels,
arcuate members, tracks, or treads, to cite various examples, may be
substituted for the wheels under appropriate conditions.

25 Wheels 104 help to define a series of axes including the vertical axis
Z-Z, a lateral axis Y-Y parallel to the axis coincident with axle 110 of wheel
104, and a fore- aft axis X-X perpendicular to the wheel axis. The plane
defined by the vertical axis Z-Z and the lateral axis Y-Y will sometimes be
referred to as the "lateral plane”, and the plane defined by the fore-aft axis

30 X-X and the vertical axis Z-Z will sometimes be referred to as the "fore-aft



referred to as the "lateral plane", and the plane defined by the fore-aft

axis 30 %)(g%@{}%,the vertical axis Z-Z wll sonetinmes be refeisRiEss as t he
"fore-aft 01/ 42077 PCTI USOQ 42698 plane". Directions parallel to the

axes X-X and Y-Y are called the fore-aft and |lateral directions

respectively. phmediBiractendpiratientattecaxtdX-anthdxheaddléilrst thblfbedres t he
wheel base of vehicle 100. The wheel base may range from zero to over ten
tinmes a 5 reppBdéaeralidieedions respastivhlysheel , however the wheel base is

referably in the r e.qf one-half t r_times e,si,ze of, wheel . 104.

'Fl)'he Si zesyoyc the \Aﬁgglcgsotiﬁgf %ﬁf"%@@ﬁ'ﬁb%@ng&ﬁfﬁq Dforr]\esﬁtﬁlb&‘ﬁé tg‘ﬁ&aﬁflor may
be unequal in paieZsr vdMitéaop! Bhé WHPelPZsd &aglrxﬂgékﬂ&%ge &%r\ﬁél thR tin&dlpPort
platform 112 10 that supports an occupant of tHe vehicle. e occupant of
t he vehiscl e mayepresentative sizead eath avheaddsowever the vl bappBrprefdrabfyoinm f or

exanpl e, the occupant may stand on the support platform A handle 114,
coupl ed to supporangsiaftomsriali tofourdimpe the $9¢ abw hegl by Thietsizes afthe 116 so

that the vehicl,e 100 of 1 s_enmhodi nent._nmay be operated ip a manner

anal ogous to awf}fegsclg)&aer}& T%H@&?Q%‘fq‘fagd’ﬂs SESEOY T O FaY Eﬁulnﬁﬁ’tlaf Bani ng
of the subjectgpesults in the application of torque to one or nore of
wheel s 104 and 106 about respective axles 108 and 110, thereby causing an

accel eration of theDrirehplatfermodes piostatly copeeetetng acipgiort prstor sUpPEoOr t
platform 112 may pivot 20 freely about pivot 118 fixed with respect to

Yy . .
drive plat f or ntRBupperismn egcupanhobthenirhitleefhe ofcupsat ohtlmvehinle payot i ng
of support platform 112 . with respect to drive platiform 102 may be limted
to the fore-af E)eﬁloéﬁlé’neﬁidﬂtaé\yrﬁ%ég?lﬂQr‘};g‘?ts_f‘l?gpr&ﬁa&f’%%rreé‘@m%ﬁ' f or war d
motion. W thinobigamhRiEsahdBH i su o‘f?Eleﬂﬂbrﬁ{. A R?nélépﬁqr Eo@ﬂ)l%ﬁftBr m may
be limted by travel 25 stops coupled'to trive platform 102 or by conpli ant
menmbers such assppsirplagsrmanpesiayng shovidedladéh®withlo gripal 15WpRrbat thd at f orm

112 at either or both of the fore and aft ends of the respective
platforms. |n ¥ehighe Hiof this embodiment may be operated in a manner analogous to a
15 scooter. A control loop may be provided so that leaning of the subject
results in the application of torque to one or more of wheels 104 and 106
about respective axles 108 and 110, thereby causing an acceleration of the
vehicle.
Under normal operating conditions, support platform 112 may pivot
20 freely about pivot 118 fixed with respect to drive platform 102. In an
alternate embodiment of the invention, pivoting of support platform 112
with respect to drive platform 102 may be limited to the fore-aft plane
containing the vertical and the direction of forward motion. Within the
plane of motion, pivoting of the support platform may be limited by travel
25 stops coupled to drive platform 102 or by compliant members such a s
springs connecting drive platform 102 to support platform 112 at either or
both of the fore and aft ends of the respective platforms. In a further
alternate embodiment of the invention, support platform 112 may actively

be driven by a rotary actuator 124 such as a motor. Under control of a

30 control loop (discussed in detail below), the vertical balance of support



al ternate enbodi rent of the invention, support platform 112 may actively

be dri ve\POtMM%Og;ot ary actuator 124 such as a motor. Underpepikboiessf a 30
control loop I scussed in detail below), the vertical balance of support

5 WO 01/42077 PCT/USQD/ 42698 platform 112 is naintained by driving support
platform 102 i pldthernh QLI ghairdthirkachkyaridif E@spbaplatibina opliatthOFdpwl{dd may

al so respond to the commands of the ‘'user. ~User conmands may be actuated,
for exanpl e, bprbrekwped directighi fting his 5 or her weight forward or

Kk 1 d th ther. In an enbodj nent wherein the ort
backward, or to one_side l(é{ffg,rg}el er Itb ég supp

pl atform may pivot P mayalemrespongdoths SORYMeRds hidedissF: may
be used 10 det eIl Bomnithdl F3G!H AT Alredinpib P opdlat Y dafdERY, L he
operator ny actuate com‘nandlrsn gy nmeans of a user ’|rP;’)ut |I|2| erface dl I ce,

such as a j oysbi tkr aveightforatatdoh®dckivard oraote, sid® ot eh@bdther kéan
Appropriate force transducers may be provided to sense |eftward and

ri ghtward | eanempashmens whesdircihetsupiporpplaviodadmay pisiabin 4 &teral glingctipght
turning as a resplt of the sensed | eaning.,The | eanin y also b

ot o6t od by moSCHHERS YHBE SPETRORmACPo NSk b r ETRAT Thst oo Sisit and rate of
Addi ti onal Ty,  biniher ARehiRRH) thOSBLrdiBY nBPa FEARHEANITHAD ARHALS or ce
15 sensors. Simlarty, the vehicle of this - enbodi nent nay be equi pped with
a foot- (or foseenpuddhieatacd dewidechudhoase jaysttle ot ligalattacbed, for exsmpile,a
manner that the switch is closed so as to power the vehicle automatically
when th¥ subj é281$ Hiéd & ppopratesipsepiransdugers Pray1Roprovidgd tasensfency

condition, the Qop..may  fail. 1o gperate, suC 20.as uld ocecur if
power were to flé;f?‘%{%re“?l féﬁ?‘éh“ aédé%ar{apgia. ﬁrle aqaggtcggﬁ-ggszp rob’?@%q @i@lsﬁgﬁﬁbe
l'ocked, therebynfqighttarRing & rEANTThe QBnReL WeRIHdTh¥Geahaih oy Msd@2 and
support platform 112. Locking of pivot 118 prevents support platform 112
and the user sulepoteddy yeasheing thefpivot dmglmopisupporteplaiformhid?2f or e- af t

direction. As |lopg as vector 120 (which is the resultant of 25 gravity and
of the fore-af tA%%%Péﬁété‘SﬁO%&fb?%Cha‘thﬁ‘g‘“éﬁ beaneasured ugimg graund pce

the occypied vehige F;ig'glajrﬁl, WEVehidfe 8\*}‘?@ erggggir%ntdrﬁia\}%epécﬁ}iﬁgémgga

foot- (or force-) actuated switch to activate the vehicle, in such a manner
that the switch is closed so as to power the vehicle automatically when the
subject stands on the support platform 112.
In an emergency condition, the control loop may fail to operate, such
20 as would occur if power were to fail. When such a condition is detected,
pivot 118 may be locked, thereby forming a rigid connection between drive
platform 102 and support platform 112. Locking of pivot 118 prevents
support platform 112 and the user supported by the platform from pivoting
in the fore-aft direction. As long as vector 120 (which is the resultant of
25 gravity and of the fore-aft acceleration vector) acting on center of gravity
122 of the occupied vehicle 100 is over the wheel base of drive platform 102,
the occupied vehicle is stable and will not tip over. If pivot 118 were not to
lock under these circumstances, support platform 112 would be free to

pivot forward or backward and, absent the compensating movement of



t he occupied vehicle is stable and wll not tip over. If pivot 118 were not

to Iockww]gggmyhese ci rcunst ances, support platform 112 pegigdodfeds €e to
pi vot forward or backward and, absent the conpensating novenent of 6 WO

01/ 42077 PCT/ USQQ 42698 drive platform 102 under the control of the

control |oop, duipelhtfptatioarufdettRe asatrbhef Senppti dosp iuppornplatfdrhose
vertical stability abruptly. Wile a pivot 118 is shown for coupling drive

pl at form 102 a2 asdpghestppprtedsuhjett would dosgseertitalatgbitibeabbimly.i nkage in
pl ace of pivot 118 |s .5 wi.thin the scope of the present invention as
described herein and"iide 8 Py ot i SQHV“a%ﬁéﬁHE nglderﬂ"r?s?a SFel®&dik, in

accordance wt r od| t of . t . i . .
flexible conne(E:Il_f] ?%%Hrégﬁégaglqg’ &{gﬁ%eof%ng:@%?%e?g@&lgg lgéjg%%r&bpﬂvé’? ?})Sr m 112
by nmeans of spiiflgs the scHpeofBiel srebértiaNenton as deScrifeRVihéleirfand @i bl e
coupling in normal powered 10 operating node and to urge the platfornms 102

and 112 into | oekedd in@nytdppesidied dlaintager puamploin aotrirdehcéd wifna éunthet ed.
I n accordance with yet a.further enbodi.ment of the invention, a solenoid
i s activated dsmtbﬁg%m&rlaPﬁaheyp{?as%lwsnﬂ?ﬂaﬁﬂeﬂﬁxa RSORNPCHOR MY le. |

current to t hed?R!eﬁSlQifgﬁjr\megBtﬁghﬁBPﬁﬁl‘Qtfo?m] ¥ p}n(‘e%hs %%ﬂ}ﬂflﬁ%ﬁp' aces the

friction surface i suc er as to I vot e bl ock
di agram of Fi gpnéuneatieqsibionls seystteprotidesa Ababie duplirGoin fidHnhalsbvierear

drives and actuators in the enbodinent of Fig. 3 to achieve |oconotion and
bal ancel0 Theseopatitingemeastecindiio wege the plaphernsg 202 dnd 112intodacked ght wheel s
respectively, and. .pivaot .| ock actuator 52, which nmay 20 be pr,esent .in
cor Lai n enbodi FUAHBNIR PRG S GBHER 6 Contal SoRENp sl hmIRada gy T isut s
i ncludi ng user ;ighi @kl @ﬁﬁao’éﬁ&vﬁ?bf Ak ; ‘%@ﬁ%n?@éol%ﬂ&idsﬁré%{iogtefdoci@r‘mgf t pitch,
and wheel rotation sensors 563. Pitch sensor 562 nmay be a sensor “for
measuring the bndinarpbpptrdtidh fHat @njodks adfngtienwrtke.réspaent toothgrsavdrioid iof
the support platform or, alternately, a sensor for measuring pivot, i.e.,
the 25 angl e bétigERIPteRe sharicaliRinHnPiangs thefrirtiaresystaseriaswcha
simplif 15ed contnqaorlme%lag Blléc mpifv%rt lilg.hl evi ng bal ance in the
In the block diagram of Fig. 4, a control system 51 is shown for

controlling motor drives and actuators in the embodiment of Fig. 3 to

achieve locomotion and balance. These include motor drives 531 and 532

for left and right wheels respectively, and pivot lock actuator 52, which may

20 be present in certain embodiments of the invention. The control system has

data inputs including user interface 561, pitch sensor 562 for sensing fore-

aft pitch, and wheel rotation sensors 563. Pitch sensor 562 may be a sensor

for measuring the inertial pitch (i.e., an angle with respect to gravity) of the

support platform, or, alternately, a sensor for measuring pivot, i.e., the

25 angle between the support platform and the drive platform.
A simplified control algorithm for achieving balance in the

embodiment of the invention according to Fig. 3 when the wheels are active

for locomotion is shown in the block diagram of Fig. 5. Plant 61 is

equivalent to the equations of motion of a system with a ground contacting

30 module driven by a single motor, before the control loop is applied. The



enbodi nent of the invention according to Fig. 3 when the wheels are active

for | Ocqﬂpt"%/?%"jhs shown in the block diagramof Fig. 5 Bbenpstlabs .
equi val e O the equations of notion of a systemwi th a ground contacting

30 nodul e driven by a single notor, before the control |oop is applied. The

7 D 01/ 42077 FHEhHESRO!43RA8] IRRRIAldpictell ia g I Dis WEORAORS efpiectredf | n

Fig. 5is well known in the art of electronechanical engineering, and is
outlined, for agenpiechamicHreagineging/andeis oEitboed donextmple an FEmgr deer i ng,

| EEE Press (1994), rticylarly j Chapt e "Principles. o nt i nuous
Control - wni oHitre, PREsp s Foatiok Pradies RisoJER e Pas S A2 Pheicglock T
identifies th OF - appl i ry Q re of the
wheel s. The cﬁ%ﬁgggggﬁzIﬂggﬁ?ggfggggﬁ%“ﬁ?gre-a ?HfW¥§¥%§€ﬁ§ﬁT?%ﬂngitch
angl e of the viedtein By vefiehericesePlg. 6pTddentifiys thel wheel tohquevgppliedby a X

identifies the fore-aft displacenment along the surface ¢(elative to the
ref erence poi nwheandrivéto doe ooveerepfdhe mauaeds. Thermbwaeacter Zadentifiesthe

differentiated with respect ti.nme. Alternativel Z may identify, the
Gnal e of b votfask ARHEChRrsen BRe i sRsls Rt Tat e by e RS o Rt Vi
oA i s gl s g O
bal ance. The boXes 62 and1 ’gg |nc}| cate élg#é; or enth ation. To &chi eve dynami ¢

control to insilgivd aPtHel fefereficd Peintysidthe ddidoted Keepattbedeystesm i n the 15
nei ghbor hood of a reference point on the surface, the wheel torque T in
this dfbodi nevarialge shfferemtiosed whith raspe¢tdpl tomie ndyltetnediviebyh: Z may identify

T=K, (Z+Zb) +K2+K3( X+X0) +tK4 The gains K,, K2, K3, and K4 are_.dependent upon
(e physi cal - pURARAEPEPGOt CFHEC Sydeishie i et hah b tscP L oM A8TgRaR Ly,
while of fsets &and Xne PEKaRfine HABRG theflghle [1Re QBRAA] LG PR the
system such as to [imt tﬁe s% eé of the v§ icle, or, alternatively, may

be set by the bslahchHeEaN®s®2 ahdisRindicatp diffek@vitiationThe ashiepe idyinachicont r ol
algorithmof Fig. 5 maintains balance of the entire vehicle and al so
proxi mity of teentyeltiodnsurestabidity of thesysterpoand tokeep the sistgrade the t he

I T I B e R R M
embodiment is set to satisfy the following equation:
T =K (Z+Z) + K, + K,(X+X,) + K,

The gains K, K,, K,, and K, are dependent upon the physical parameters of
the system and other effects such as gravity, while offsets Z, and X, may be

20 specified by the operating mode of the system, such as to limit the speed of
the vehicle, or, alternatively, may be set by the user by means of a user
input device. The simplified control algorithm of Fig. 5 maintains balance of
the entire vehicle and also proximity of the vehicle to the reference point on
the surface in the presence of disturbances such as changes to the system's

25 center of mass with respect to the reference point on the surface due to
body motion of the subject or contact with other persons or objects. For
sustained locomotion of the vehicle, for example, K, may be set to zero, or X
(or X,) constantly reset. K, is set to zero to enable lean control of the fore-aft
motion. If an external input device such as a joystick is used, the input

30 device may be used to reset the desired position X.



body notion of the subject or contact with other persons or objects. For

sust ai nf;yg?logmgpti on of the vehicle, for exanple, K3 nmay fe/s@ostedszero, or
X (or -constantly reset. K3 is set to zero to enable |Iean control of

the fore-aft notion. If an external input device such as a joystick is
used, the input 30 Iderideetorayconemoslatt tvoo deseh wheels esiteatioptie dncowh¥el 8
WO 01/ 42077 PCT/ USQOQ) 42698 | n_order. to accompdate two driven wheels

i nstead of t heY8Han whextratedyn Figndy the tardue sgsired frqyn the lafhmater d@ thesi r ed

fromthe |eft tgp(ilgéé ggﬂ?en& B’ﬁén ng; sl ¥ &dh £ Qﬂ}:&lggeec%geg%tr%%  yfan be

cal cul at ed separ ral manner descri n connection

with Fig. 11. Agddriliraaahéydeeribeda®eldg iRebAntdieor Rfith Fieel. Avditmadpd the
ri ght wheel notion permits adjustnents to be nade to prevent unwanted

t ur ni ngsof t heradhng betlathe keft wheelguationandpbeirightembeclvaption permitset ween
the two drive tors. A npnual . interface such as a joystj,ck i.s used to

adj ust the 1 ortIBSTREntS PR Siadef® Brexans )benie HIstagas Mewhiskaad it Fi g
6. In operati i ﬁ.;g}g?i : i foystick is
used to cause Sg&girgirﬁjr%%ron 0 Vltzﬁfe%\?g P%F\g,égaﬁﬂ#\g@gf@% r{r}g{t%)irl(;)n of the
joystick causes backwaimalrinterfate @lich e ayeydtidkeds ubed &b tdjust thestargles ofy i s
acconplished by leftward notion of the joystick. For_a right turn, the
joystick i s mfAsh metarnEhe joystick harh axeoidicaied in §ig- s ByoReradioneefingss t he
vehicle to turn in.place . when the .15 jpyst.ick.i;s. MoV to the left, or to
'he ridht. w i paefdR R mP IO b MR B gRr B Rl Bab Rt Ve 1o
the joystick i osbRRIf¥hé @8RICRY ah@MREfle FhotiGRGKYIRY fdysBElDE useh BaBkWEF] SeNsOr
(measuring 2) identifies a pitch change, provides an input, as anplified
(and, nore genmodbhyf the vehimlA dntirnisonddyly ibpcampplishest b Kleftwhmgln i n

Fig. 5), to the sumer_ defini torque T to be 20 gpplied to qne oy nore
wheel s, t her ebpofi@rdtile iQystis vERtR BEDF ey e jonsiston, Moy Haﬁrﬁgﬂsﬁt-the

di rection of | aco /Ml HRAN Kelihert BRLFAL (RE LBRRI £SvurRaR b il hi Bl | 001 ¢

can be inpl enente can be seen at the approach o j usting notor
t orquegsperm t j&Kstﬁ@d’ Brabves taltid leftyortto the rigthi Bigtrespactabierwuat and

stability is achieved
reverse motion an alternative to the joystick is simply leaning forward or
backward, since the pitch sensor (measuring Z) identifies a pitch change,
provides an input, as amplified (and, more generally, as signal conditioned)
by amplifier K1 (shown in Fig. 5), to the summer defining torque T to be
20 applied to one or more wheels, thereby leading to forward or reverse
motion, depending on the direction of lean. Alternatively, control strategies
based on fuzzy logic can be implemented.
It can be seen that the approach of adjusting motor torques permits
fore-aft stability to be achieved. In other words, stability is achieved
25 dynamically, by motion of the components of the vehicle (in this case
constituting the entire vehicle) relative to the ground.
Fig. 7 is a block diagram providing detail of an implementation of a
driver interface assembly designated generally by numeral 273. A
peripheral microcomputer board 291 receives an input from joystick 292 as

30 well as from inclinometer 293. The inclinometer provides information

signals as to pitch and pitch rate. (The term “inclinometer” as used in this

9



25 dynami cally, by notion of the conponents of the vehicle (in this case
constit UybRgas® entire vehicle) relative to the ground. ftguUsod/42898a bl ock
di agram providing detail of an inplenentation of a driver interface
assenbly designated generally by nuneral 273. A peripheral m croconputer
board 291 r eceonesxtahroughdutfthismdsosiptionknia the a3€omphhyagy flans means

i nclinoneter 293. The inclinonmeter provides information signals as to
pitch and pit @RYrdg\ace (nelading accelsromeieire PBOt a8818 88801 SYFPSSOPESMD

SEedr T W RO e

acconpanyi ng neans ~any devi ce,

angl e sensor s in@adise PPstch G tO168a RRESUThe AbradPénicifRisBaltd ON
t hereof, providing an output ‘indicative of pitch or pitch rate, regardless

of the arrangesbitvedbedutpub ibemliyewe eftbequtgpand pitclordty vamiablds ishe pitch
and pitch rate variaples is rgvi ded as .ap output, the other variable can
be oBt ai ned bf@éj’i‘i%ﬁ?%anm‘ﬂ?‘gtr ‘i"i‘lefb’ﬁrléglq W@b‘?%lftiag}?c&’x ﬁ“?é@ﬁect to
time.) To permg; : q j . t i reby to
i ncr e;se sf abirqllffte %artfyé &ﬁa}%ﬁ%é&aﬂ%ﬁﬁ%@ﬁi&é%%ﬁé%ﬁp %(xgﬂll}ﬁoﬁtrg)gl@g second

inclinoneter thankioyirde théhd by eigraéhiole (@sereby tolihcransd stability attdleor ,
alternatively, the resultant of system weight and centrifugal force. O her
i nputs 294 nayuENisg) Hds alssi feasible toprtihigede seconddnclinpmetardottieviste i pher al
mcro ntrol l.ep _board 291. ch her inputs i ncl ude, si gnal s, gated by
Swi t che (kno_ligfoéﬁ%aa}b% o s‘}oﬂ]%rlld r@ﬁw&?et? Oédﬁgesrf‘ﬁ'gﬁgl,y’ HH: r@ﬁﬂﬁﬁ?ﬁ%ﬁ%ysgt ere a
chair is proviygght ahd cEHfrifJa%gich;r@é.r@me@Qnﬁﬁﬁci%!rh%fglsme&esﬂfabﬁper ation.
Peri pheral micro-controller oard 291 als as inputs for receiving

signal s from groaidet ys s aghutdothapetiphebatrhaty cuntrbHgebodralt 2981 Buchir r ent ,

and battery ten‘gerature. The peripheral mcro controller board 291 is in
communi cat i on WPEF iINpyds IEy igiciude Hgnalsgatediby sndiches Benabsianst byidang for2. 20

A e T R N L L
:ASP:JBS 19f 2, ddtermirlihy Bp&FiaNB Phiddes OF opBeati il Pevipdelalthlb c¥ftrbRet he
board 291 also has inputs for receiving signals from a battery stack 271 as to
battery voltage, battery current, and battery temperature. The peripheral
micro controller board 291 is in communication over bus 279 with the
central micro controller board 272.

20 Fig. 8 shows a control arrangement for the motors of the right and
left drive wheels (corresponding to items 110 of Fig. 3). The arrangement
has inputs of Z,, r,, (linear velocity of the left wheel relative to the world
coordinate system) and r, (linear velocity of the right wheel), in addition to
directional inputs 3300 determined by joystick position along X and Y axes

25 of a reference coordinate system. Inputs Z, , and error signals x and
(described below), subject to gains K1, K2, K3, and K4 respectively, become
inputs to summer 3319, which produces the basic balancing torque
command for the wheels, in the general manner described above in
connection with Fig. 5 above. The output of summer 3319 is combined with

30 the output of yaw PID loop 3316 (described below) in summer 3320, then

divided in divider 3322 and limited in saturation limiter 3324, to produce

10



coordi nate system) and rw (linear velocity of the right wheel), in

addi ti oRyE@y/4fhp% €ctional inputs 3300 determ ned by joystigkr/pSei4éssn al ong
X and Y axes 25 of a reference coordinate system Inputs 4, and error

signals x and (described below), subject to gains K1, K2, K3, and K4

respectively, tReRGMwhebNiidlSe tOmINAREEISi A3 hIly, W 6htRItF4easmENS3BASI C
bal anci ng torque command for the wheels, in the general manner descri bed

above in conmewtined withhthe qutphit @b 6V lodp 83 bbiirpstmaofersidiethed3dioides
conbined with, 3 ,t,ge gu%ut ﬁf ,¥a / PID | oop 3316 (described below). jn
sunmer 3320, RHENIAET daend HoyFed Hesatyriomnlimiter 33gedoinfodyre b 1ight
l'imter 3324, 01/ 42077 PCT/ USOQ 42698 the |eft wheel

t or que com‘ranﬁ\.;t?egﬂn I |7dl(réfacfl),nq.f?lﬁ}e{@but put of sunmer 3319 is conbined with the

out put f PID | 0opI3¥ik 8, B drerBhaBEplit aldrentil XiasdedmolBs the/iedends23 and
limted in saturation Iimter 3325, to produce the right wheel torque

command. 5 | ncprglingte systim atangialX axiprelative tytheheoldastordinate syt
reference coordinate system al onqg its is relative to the wor]d
oordinate syovBitttdRats Mt gufed Brdcd) sl el Elrdyiraporiona 1R the oci 1y
roportional i o] : i i.ck. i t] i

gl olrcl)g the Y a% l?%r%%t:&ﬂtﬂg%ﬁ#%’r %n%lggc&og?églﬁﬂr%? ealél)}g!tt %%Yadbxgﬂ?dt?tteg Qgé axi s

at an angul ar refefawetopotinatoppématalutie Z beisdit aplagei@nvelotity he j oysti ck.
It wll be appreciated that notion of the joystick in the positive X
directibn is mPEPROTHANR 1 Ehedisplrogment of sheuyatialotlt will besinpsaciated that
joystick int ne ve X di.rection neans ,.reverse . notiqn. Sim/larl

ot on of ¢ he MRRET PR E FEeTRARG S HESHRENE niRirOrapldb et i ng,
count er - ¢l 0CK S LaRBmMOHBWE thdti AT ARYSystIFRIInQRe ha o Bfivé Kedir€tRIH wkahd t he
negative Y direction neans rightward turning cl ngWI se as viewed from
above. Hence téeerde negioroFanilanyytreotivresicthX jay sickgnwbe pdegdizai direcion

deadband bl ocks 33ﬂ1 and 3302 respecti Velifl’ .to widen he neutral position
of the joysti dkearsHeiiward turing cpmtprclorkwisepsatigwedfeam aogve: Matqed by

L8218, 3508 U BAAMCE FESEALEING Y W loh Wl 0B i ond |1 e
clockwise as viewed from above. Hence the directional inputs Y and X are
given deadband via deadband blocks 3301 and 3302 respectively, to widen
the neutral position of the joystick, then subject to gains K11 and K10, then
rate-limited by limiters 3303 and 3304 respectively, which limit the angular

20 and linear accelerations respectively of the reference coordinate system. The
sum of these outputs achieved through summer 3305 becomes the reference
velocity . whereas the difference of these outputs achieved through
summer 3306 becomes the reference velocity .. These reference velocities
are subtracted in summers 3308 and 3307 from compensated linear velocity

25 input signals r_, and r__ for left and right wheels (see description below in
connection with Fig. 35 for these quantities) to obtain velocity error signals |
and | for left and right wheels within the reference coordinate system. In
turn the average of these signals, determined via summer 3317 and divider

3318, produces a linear velocity error signal . Displacement error signal x is

30 derived by integrating r, and r_, in integrators 3310 and 3309, limiting the

11



sum of these outputs achi eved through sunmer 3305 becones the reference

vel oci t ywplogfsadyher eas the difference of these outputs achpepesdodd2693ugh
sumer 3306 becones the reference velocity r,f. These reference velocities
are subtracted in sunmers 3308 and 3307 from conpensated linear velocity 25
i nput si gnal s reWltandsdtuydtidolindi®irt 3310larnd 8811, Waelethen(SReaglRg Ehéipt | on bel ow
in connection with Fig. 35 for these quantities) to obtain velocity error
signal s and rOlitputS eiatsuanoher 3gh3 andh clavislen381H5. ﬁhdrﬁfﬁeeérmemeenmheﬁenat e

system 1In he average of these signals m ned via sumer 3317
and di vi der iEfaC%?‘GBE&ggteémlﬂﬁ (el §13p1 érP %ﬁegﬁ%er Y &SPl gheht
error signal is 30 derived by integrating rw,, and r,r in integrators

3310 and 3309, 'liniting the 11 WO 01/42077 PCT/ US00/ 42698 results in
saturatson |im ter sTRSjawaireordsiddal BiRGuhRBRo@Yeh 3T rl fRbportesiadiplasvi a
sumrer 3313 and divider 3315. The difference between these displacenents,
det er mi ned vi dniegrakiplagderivptive (EH2) aoméraldepe88la, the gn@putcszhlcnhe yaw

error signal 2 |s run through a st g d pro ortional - plus- ?ral-
pl us-derivat i V@ Bhttﬁgpu%‘btrf’ 3 ii‘?aﬂ{cﬁ’@ %%for&rlempeﬁav OIconbi ned
wi th the out p;%lrﬁfn rr":% @48 éfroﬁﬁké‘&?é 1%@1&185%?%}&%@%&ﬁe%mrﬁ%‘xﬁ@? m%% 9, to

pr oduce the i I VI torque conman cause s to

mai ntai n fore-@fuse $m@WHeeIsytoaﬁdlmdusﬁoﬁ@eu&%tmﬁt}v@ﬁd als® dadsd healélgialel tosel f
with the axes of, and follow the origin of, the reference coordinate

syst eml@is di reaitg!dltﬁﬁ}f wlﬂeme.amapf,.aq@ﬁollggotjle atigindafs thed teéetesadodi nent s of
the invention are int en dto exenpl a numerous vari ations
and modi fi cat i S ema?)spglf‘éqggi’éf %Fﬁfél@%hf}%%ﬂﬂ the art. Al such

t d d f th
variations and no 'ﬁﬁ&a %cgfgagdi nllé}{t?Bﬁg;‘ijedhqfeplﬁow'atr%rﬂ\?\gﬁg%f&gge 0 e

present invention as de e appended clal ns
PCT/ US00/ 42698meiiatexemptarms :miﬂnumerous variations and modifications will be

apparent to those skilled in the art. All such variations and modifications
15 are intended to be within the scope of the present invention as defined in

the appended claims.



1. Avehicle, for transporting a human subject over a surface that may be

i rregul &y diASeyeNi cl e conprising: a support platform forpeyRReuizessy t he
subj ect, the support platform 5 defining fore-aft and | ateral planes; a

ground-contacti ng nodul e pivotably attached to the support platformfor
suspendi ng t hensappodlhinpédits or m over the surface, the support platform and
the ground-contacting nodul e bei ng conponents of an assenbly having a
center of IlgrAwehjclefor aramépermz@a%tmmsabmatnmrmrfamah@mav&et he
assenbly, for cll%ustihigg/ . Cfcormti on of the assenbly and the subject over the
surface: a'CoRtRH TEISHICE SOMRTB S he ot ori zed drive arrangement is

included, for k &Rtk B A P rg e ShaBUbjeky tRE &p'i'ﬁoﬁ SISy by
operation of tahe to%i%{zed driv%ﬁ;rraﬁgenentjei n su?: a n??mer as to cause
a speci i edefiooed foratafoandiatetsd pldnesssenbl y. 2. A vehicle in accordance
with claim1l1, furthey conprising pivot for pivotal coupling of the
support pl atf oar&ﬁquélc{'ﬁ@t@%%m%ﬂ?é&wﬁélmﬂmf@d toghg .SuRp%ngéFféﬂinrfor

aatrati gt EnB e brghlt plEo AR ShERyRrd FAL Rhp S E IR o the

gr ound- conizastihd@ofBdHng médult @R ebtpdheats 6f SiRRSR NI hatidd Mcdnteder ei n
the | ocking mechanismfor 25 restricting notion of the support platformis

activated @gpavity:nterruption of power to the control loop. 5. A vehicle in
accordance with claim 1, further conprisin n gctuator fqr adjusting a
B vot dhgl e off EXESHEDAFYE grEesTIATY Fiv-red b i o e Rkl T0n AiHSI8G
contacti ngsRibEon Bf t}‘lﬁf é/s%@hfﬂl)ﬁgha tﬁggﬁgfg@ﬂg\?er%ta@uﬁaﬁém 1, wherein the

ground-contacting nodul e 1ncludes at st one wheel dft of a vertical

l'ine through taheorttesitleoppin whioh thy mbtorizdWRi0d a¥420ZdmPRT1sSUROIEASRE t he
assenbly under static conditions and at |east one eel forward of the
vertical | idyeaghsdly sraintagnipgstahiliphef the assembly by operation of the motorized

drive arrangement in such a manner as to cause a specified acceleration of the

15 assembly.

2. Avehicle in accordance with claim 1, further comprising a pivot for pivotal

coupling of the support platform to the ground-contacting module.

20 3. Avehicle in accordance with claim 1, further comprising a locking
mechanism for restricting motion of the support platform with respect to the

ground-contacting module.

4. A vehicle in accordance with claim 3, wherein the locking mechanism for
25  restricting motion of the support platform is activated upon interruption of

power to the control loop.

5. A vehicle in accordance with claim 1, further comprising an actuator for
adjusting a pivot angle of the support platform with respect to the ground-

30  contacting module.

6. A vehicle in accordance with claim 1, wherein the ground-contacting module

includes at least one wheel aft of a vertical line through the center of gravity of

13



7. A vehicle in accordance with claim1, wherein the ground-contacting

modul e \50‘6?%7573953 a first wheel rotatable about a firspcpykeos2e9d a
second wheel rotatable about a second axis, the second axis being

non-colinear with the first axis. 10 8. A vehicle according to claim1,
wher ei n t hthecassembly badpr stsaticaphdffivretarsdat least odowheanfbrafardmbthon of the
vehicle is controlled by fore and aft | eaning of the support platform as
af f ect ed byektial ipgusger sgticxopgitiense according to claim1, further
conprising a handle mounted to the 15 assenbly and di sposed so as to be

readi 'y gr gspRRIRidpY i &UPaSE e WitRNHhiRT 1 R&n tRY %F@lﬁﬁd-‘%ﬁ{afcﬁhg'm 1A

vehi cl e according to c?al m%,? further 1nc lglgl ng at [ east two gr uné-g}lorce
sensorss f ocog@ageat i ng a signal associated with | eaning of the subject such
that 20 the control |oop operates the notorized drive arrangenment in
response to the &figitavheel rotasabletabout pdirstexisranid i ng a vehicle having a
support platformand a ound- contacting nodyl e. pi,vot ably coupl.ed to the
support pl atformats%cé)%‘gbg -r&t%tag&%%}t 2vPRY 23 nbtor 28 ad‘ﬁu‘gl%mgssenbly
for causi ngohaedmehi AMrothetdi8t aigsenbl y and having an operating position
that is unstable with respect to tipping in a fore-aft plane, the nethod
conprising: neasuring a pivot angle of the support platformwth respect to
t he ground8. chvehidé agrording to claion dowdvenéinghe lventrol brdprisdonfigueedise thrgenent

Tanner a5 (aecadd et el K st Btolia bY TorEnt e RS S0Te 14

support platform as affected by the subject.

9. A vehicle according to claim 1, further comprising a handle mounted to the
15 assembly and disposed so as to be readily graspable by a subject standing on the

support platform.

10. A vehicle according to claim 1, further including at least two ground-force
sensors for generating a signal associated with leaning of the subject such that
20 the control loop operates the motorized drive arrangement in response to the

signal.

11. A method for controlling a vehicle having a support platform and a
ground- contacting module pivotably coupled to the support platform, the

25  vehicle further having a motorized drive assembly for causing locomotion of the
assembly and having an operating position that is unstable with respect to
tipping in a fore-aft plane, the method comprising:

measuring a pivot angle of the support platform with respect to the ground-

contacting module;

30 governing the motorized drive arrangement on the basis at least of the pivot
angle of the support platform in such a manner as to cause a specified

acceleration of the vehicle.
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