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PCT/ USOQ/ 06629 SYSTEM AND METHOD FOR STAI R CLI MBI NG
I N A CLUSTER- WHEEL VEH CLE

Techni cal Fi elvdo e@ss720 The present invention pertains topgetusadssidor
controlling the configuration and notion of a personal vehicle

equi pped with one or nore WYSIEM SNDVHIHQP FGRISTAIR CLIMBINGt | ng nenbers.
Background of the Invention 10 NACLM?@!KEIYE i gt hose used by
handi capped persons, for exanpléj may benefi romactively

stabilization in one or nore of the fore-aft or Ieft-rlght pl anes.

Operation of a bal ancing vehicle |s:£d§scr%|£ éj in U S Patent no.

5,701, 965 (i ncorporated herein by r and referred to herein as
the "' 965 patent"). Prfegodadt ivehiich RRaiAN. memodaﬂ:tammmgtmd sonfigaradoakinli zed
whet her or not the vehicles are self-propelled, whether 15 not the
vehi cl es may be GOHWRS apprsopd VB@@EE%‘RPCQF“‘PHEE ?Féﬁ‘?rﬁlwée%srm'l%heéﬁma i st ant ,
and whet her Q64 hBGnyehi cl es may operate in a balanci ng node.
Vehicles of this sort nay be nore efficiently and safely operated

enpl oyi ng control nodes suppl enentary to those described in the prior

art. A personal vehicl e may be ref eﬁz{cg%mgx% Af@hclmc%ngr?sc” ption,

i nt erchangeably, as a "transporter
Sumary of thi® | nventHeesenal vehicles {those udeth bgmmdrodﬁm@smrtsrfoaemfee.rma(beneﬁt
enbodi nent of the inven terns are

cluster control tb‘F}yaS?%}’thé‘fnem 8p° ?rﬁ‘g‘{m ?én‘g %fr‘r%ﬁfﬁ?r 181"!‘ f‘é%‘ifi’éﬁ—“{fs me%‘bﬁf]r ed
by a rider to cofdifikcingehieBiM dds@ibhY il 5! Rifen®ho. 151781 oS @lidofidratdd Heledn BNt er

of gravity reference, and referred to herein as the ““965 patent™). Personal vehicles may
advantageously be stabilized whether or not the vehicles are self-propelled, whether or
15 not the vehicles may be guided by the occupant of the vehicle or by an assistant, and
whether or not the vehicles may operate in a balancing mode. Vehicles of this sort may
be more efficiently and safely operated employing control modes supplementary to those
- described in the prior art. A personal vehicle may be referred to in this description,
interchangeably, as a “transporter.”
20
Summary of the Invention
In accordance with a preferred embodiment of the invention, terms are provided
in both the wheel and cluster control laws of a vehicle so that the amount of effort
required by 2 rider to control the vehicle by virtue of the location of the center of gravity
25 is significantly reduced. Thus, most riders are able to climb or descend stairs unaided by
an assistant. The addition 'of terms referenced to a front and rear angle allows the rider to
lean the vehicle between the front and rear angle with relatively low exertions because
the pitch gain can be set to a small value while a large gain can be used with the front
and rear angles to maintain a fast rotation of the cluster during stair climbing. The front
30 and rear angles are updated throughout the stair climbing process thereby allowing the

rider to vary the position of the vehicle CG (center of gravity) with very little effort.



25 is significantly reduced. Thus, nost riders are able to clinb or
descend stairs unai ded by an assistant. The addition of terns - >
ref erenced to»@sfaé{g)ﬂ:}e and rear angle allows the rider to | ean t he
vehi cl e between the front and rear angle with relatively | ofeEPYIE6Rs

because the pit chin@adoRdeadwiteeBBddihehtdoftiBinventidh, bovIMBI dofitrdl 1hvAfsg€ gai n
can be used wth the front d rear angles to maintain a fast rotation

3 an -
of the cluster dPfeVigs benimogs theplusier contial Iaw inhatSpnt apddear apglesarydded tajthe
updat ed t hr oughoyhed Rghest Bl Mra)] ) -
rider to vary the eposition Ofﬁ%%gﬁ?ﬁlg&%@?fi}égﬁh@w@ﬁté{?ééﬂ\}él“t f%m%lp}g”\r}ery
little effort. order tow@uBOh® 472qg stair climbing the wheels can only move in the rearward
PCr/ USOCO 0662 N .. I n accordance. w th .enbodi nents .of the
i nvention, a e% ecg%nﬁtlpgﬁmpg%aidgmpmg ge%‘&(ﬂc%gﬁhp “C'&?ﬁgfcr;’w%ﬁ?%gn!ﬁ’ uster
control law in téabgdsdepndagdn tRavhealGletSonadng hasttleeffdcOofidbeelerating twhvarkl
control |aw. The, Wntgel, cont rgl | aw differs slightly fromthe cluster
control lawin Inio the FiseL while, %??Eﬁt’égflﬁéi’heﬁléﬂ W@f@f’ﬁﬁfhrﬁ‘i@ﬁbm@c&aﬁ%& Hkeel S
can only nove i Nk BEhavRALIBE tehide ﬁi'tﬁé%ﬁ loPBotrohd kAl biRles for S A& N | S
included in the wheel control |aw which changesS dependi ng on the wheel
direction and halde beginning andend pf yaivelimbing.i ng t he wheel into the riser
whi l e decelergiing t j . f OrWa: i | TRALS ; alters
t he behavi or % t he \r}gﬁ%ﬁg“l‘%ﬁl"?@p‘ﬁ%’ﬁg@}é@’%@@8?11&%“&’%5“&’%‘%%‘?6\}? g‘;e}%%faor a
saf er transiti onbrake pitch contivbalpedihmnTing iscansclfegnfdatode tist aionitars tharblustgr and Gvheel
I n accordance w further epbodi nent.s, of l.nyention, there is provided
a br ake pi t%‘%ofz%"l o1 at 8P ﬁaﬁﬁi"mﬁﬁgshﬂ% ‘3“%%1"5?’6"‘“1‘8‘8 % P'éeﬂfaﬁtﬁtam?
moni tors the cl usliedurmggomoredf the stair £Ih) the RARRMAdYUEIR ITkHE teRPerafuft dxceeds a
clinmbing. If the cluster or eel. notor overheats and . fails during
portions of the ®t%t Yaﬁ‘i‘ﬂ' fhﬁf?m\ﬁlg Ritch ropfrelies typs off the motqrpmplifiers @%@P?ﬁ*%ﬁhé

exceeds a 15 pheSAibyAdddBiing he cRik@KBrakis! Ghe ERRLNQIPREs thaedhiidhh the notor
anplifiers and controls the 1 notion by nodul ati ng the cluster brakes.

The control | er pleREgataRavhzeAllcfour wheels are on the gpifs thesrmacingibewedicle iap| f our
wheel s are on t hg.sh i v.ehi ' : At Ecal |y
stabl e configurati Qn“’t_yvsirt %ﬁé%&e{g e%t?ﬁxt‘%kglgxtregk\%ﬁ@Q%ﬁi&)e%drdgj\l;%ﬁﬁnr%gmﬁ%y 1rrl-%}rger from
conti nui ng i n stegrinuiegfe stafheodsl §Joe dlponthmenttiovecs maitorthé totor tepemtemd

t enperature and

-

if the motors cool sufficiently, will resume stair mode in order to allow the rider 1o exit
20 from the stairs.

Brief Description of the Drawings
The invention will be more readily understood by reference to the following description,

taken with the accompanying drawings, in which: S
23 FIG. 1 is a side view of a prior art personal vehicle of the type in which an
embodiment of the invention may be advantageously employed; -
FIGS. 2a-2d illustrate the phases of a stair ascend/descend cycle;
FIG. 3 shows a schematic block diagram of the sub-modes of the present
invention;
30 FIG. 4 illustrates the relation between the front and rear angles of the present
invention;

FIGS. 5a-5h illustrate the front and rear angle over one stair climb cycle;
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if the notors cool sufficiently, will resune stair node in order to allow
the rider to exit 20 fromthe stairs. '-

Brief Description of the Draw ngs The invention will be nore readily
under st ood by Wep#s4zice to t he foI I ow ng descri pt i on t psUsosiossio t he
acconpanyi ng drawi ngzﬂ I n whjch i a side view of a

prior ‘art personal c$ progides 1‘18“’{ %ﬂ‘m‘?ﬁ%\]"ﬁeéw %ﬁSPeCIﬁCW&OﬁW@f t he

i nvention may bengiyanicRe@ams Withitoakashs of the r{;resent invenfidrSRna 2a- 2d _
illustrate the phases of a stair ascend/descend cycle; FIG 3

shows a schematic bl d8%. Ysheysaschematindlosk diagnoiad ﬂ@fbmih@ltph esdroller.
I nvention; 30 FIG 4 illustrates the relation between the front and
rear angl es of the present i nventi on; FI GS. 5a-5h

illustrate thé front and rear Denfit@Desteibtios Shbaific E@bodilnemycl e;
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PCT/ USOOU06629 In accordange with greforsd prabodinenss ¢fitheipventiop nepineal yehicles n t he
speci fication ofdebigaeat foﬁfkﬂxaﬁ&@&naneuver&ﬂﬂif 8] iR yAaeded8 6e mbkd dhustdsrdi nent s
of the present invention; and FIG "7 shows a schematic bl ock

di agram of the DYhERlS. Witk the CB’é’i@f m ﬁh@?"heds ingach cluster capable of being motor-dpanaj | ed
Description of §9 bidef I n accordance with
preferred enbodi ne t S o?;‘?iﬁéea | nvent i on, - personal vehicles desi gned for
enhanced nmand@ver abi Refeyringid Rgmflet yide vieiisishoomef obalaming wwhigkst sich apf
otherwise described in U.S. patent no. 5,701,965, and as designated generally by numeral
10. Preferred embodiments of the present invention may advantageously be practiced in
conjunction with balancing vehicle 10. Fig. 1 does not represent a prior art device when
capable of operation in modes herein described and claimed in the appended claims.
15 Vehicle 10 has a support 12 that supports the rider 14 on the vehicle. Support 12
is attached to a ground-contacting module 16. Ground-contacting module 16 contains
the power source, drive amplifiers, drive motors, and controller that are used to drive a
cluster 36 of wheels 18. Cluster 36 includes ground-contacting elements 18 which are
shown as wheels in Fig. 1. The wheels 18 are mounted on a cluster arm 40 and each
20 wheel 18 is capable of being driven by controller 8. Cluster arm 40 rotates about a
cluster axis 22, the rotation of the arm governed by the controller. Controller 8 comprises
a processor in communication with a memory storage device. The processor ‘executes a
control program stored in the memory storage device. The processor is in
commmunication with a plurality of sensors 38 capable of sensing the state of the vehicle
25 and receiving commands from the rider 14. The processor is also in ccmmunication
with the drive amplifiers and sends commands to the drive amplifiers. The drive
amplifiers provide current to the drive motors.
As stated, controller 8 is capable of independently controlling cluster arm 40 and
the rotating wheels 18. In addition, sensors 38 on the ground-contacting module 36 are
30 capable of sensing the pitch, roll, and yaw of the vehicle 10 as well as such variables as

the angular position and/or rate of rotation of wheels 18 and cluster arm 40. The signals



wheels, with the cluster and the wheels in each cluster capable of being
not or-driven I ndependently of each other. 10 Referring-to Fig.
1, a side view_.is shown of a bal ancing vehicle, such as ot herw se
described in UMS%F4®nt no. 5,701,965, and as designated geffSYHIpseRy,
nuner al 10- ol L Eéior BERAGIRRL R ddWenRbIfE? Bl ard XARL 1R f0
advant ageousl y be practi ced conjunctiron wt 36 ancing ve e 10.
Fig. 1 does not deps @Sé/thpelam@ﬁl&@hlstazrmmdsvfl"bemd#wndent cormab%fbh@cim‘terapﬁr ation

i n nodes herein in the a

Vehi ol e 10 has o “LuibaREs B e e Bt seriia REEPESH o Mot B e
Support 12 | somttollectoadittinbetweph anudes i aesbast toPe loaluereaid 6.
Ground-contactjing nodyl e 16 cantai t he pa r source, drjve
anplifiers, drfve notb¥<E*2Epg ‘Etéﬁ‘ﬁngﬁfi@fde’t flygter ?é‘?ﬂ{tf’gﬁd}l"? t{%“ﬁ’hw 14 of
cluster 36 of Vm%'oﬁzsﬂegoff@xé@&ﬁﬁ ﬁ&;slz&ﬁém?ﬁcemmgc&%ném PIRGEASH 5&&@1& 18
whi ch are shown as wheel's Fig. 1. The wheel s are nounted on a
cluster arm 40 aRiP lseke dpw %é&mlel@ op@"afeapamwr@ﬁ Wb@?qi?glf dinj ‘badzncpmode,’
controller 8. d t

rotation of the g&%ﬁg%%ﬁ\e}é?aﬁ%gd%@ fbh%%éoﬁl?& of“ﬁ’ fpe ey #rof{‘lg%g?c%a%ﬁxfé Qg“s
a processor in cdnmﬂhevémle)hywmﬂmmsmhmwm&mowmgh thakanced mddeg desavibedmor

o ocescor s 19 U APgRIRT & PonSaEbe anlsd e S g o GG e wapdlY o of

sensing the stat &:f@éncbf@n!tﬁlﬂxﬁaﬂm?ﬁmﬂﬂﬂc%@@simz{hﬁcﬁx@m(ho;ﬁdrﬁ@the rider
14. The processoggluf al sQ in comuni cation with the drive anplifiers

and sends conman BeeRdY-dri ve anplifiers. The drive anplifiers
provide current to thg g rﬂ@den%%fesll} cli bs and desceadﬁ%méﬁa%&&ﬂxngmlﬁﬁérlﬁrm 8 is
capabl e of independently controlling cluster arm40 an the rotating
wheel s 18. | n adslichiagranneraa soplecedis: soepnt! dheg) 43 Girecl- tb@ﬂhmtﬂnngﬂmﬂdm gopel ar e
30 capabl e of ;se h as
such vari abl es§ g&h&g 0? E&hgnugﬁé?%}tg &Ssamfrg%r%gsgad? ormmgt% Ieu\ég }or?%l a’the ‘%%uc

wheel s 18 and cl s@eﬂc(ﬂl}'rnnﬁﬂme'ﬂheelﬂs @oad &ach cluster and is unstable with respect to fang.

3

In a manner unlike its operation in either ‘balance’ or ‘enhanced’ mode, controller 8 does
‘not attempt to balance the vehicle. Instead, the rider 14 maintains balance bytholding on
to stair handrail (not shown). The handrail also providcs the rider with a Ievérage point
20  to lean the vehicle in the fore or aft direction in order to direct the vehicle to either climb
. or descend the stairs. The cluster control law used by controller 8 to operate the cluster
motor has the same form as the control law for the wheel motors described in the ‘965

patent and may be represented as:
T,=K0+K,0+K, ¢.+K, 0, +K o dt.

25 Inthe equatidn above, T, represents the cluster torque, 0 represents the vehicle pitch
error, @, represénts the cluster angle error with respect to vertical, and the K represent
the gains for each dynamic variable. Pitch is defined with respect to an earth-fixed
vertical dii'ébﬁon, while error designates the difference between a currently measured
value and a fiducial value that may be set by the controller, either by presetting or in real

30 time. The cluster angle (otherwise referred to as the ‘cluster position’) with respect to

vertical is a calculated value based in part on readings of sensors mounted to the
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PCr TUSOY 06629 fromthe sensors are communicated to the controller '
and are used by the controller to drive the wheel and the cluster
notors. The | miegeattent control of the clusters and wheethrasabhaws t he

vehicle to operate in several nodes therebg allowing the rider or the
control ler to sReCB¥iGH FRcERE fralgaed forss pe dhbes bwhish iyixed do te veliicleandh, 5

For exanple, ing [ ]

wneel 1avof | CTRESEHRIERESienfhith Bl anPhily BE kb e ELEAR
controll er is pliagbithicasedhséingdrangle thhlﬁs&dt@mthﬁebcalxt dasignhted behianl gainok,
operate as a po el chair...ln ‘balanc 36 i.S
orated 900, | odbt st Hioatd Sdainely, T8 nRERSiabFindicas dRE A ERRliafh afdoand
drive the vehscl@nwc@awmaetf@sdf&@ toMRe Bhvethd Siinte. fotn as RO BRMOERW ToiRe
described in 10 U S. Application Ser. no. 09/321,401, filed on_May 28, 1999

and herein i ncor‘ﬁ@?léf‘%@uﬁi} gains are fi@fefﬁnéf% the vk angicluster eongr] igws: Besteranple.

wheel s 18 and Clth@&%&?c&@of Bwbs 'f(@téé ﬁé PthE GREPYSbMty to zero while the | D
stair node, vehicle 10) clinbs and s stairs by rotating the cluster
36 in such clstgneantzel law sets Kol msmh@ng totbe dlugthiotatiarad to@ nonzire valveel
not currently in ground 15 contact) of each cluster onto the appropriate
stair. During cluster rotation, the vehicle is supported by only one
wheel 18 fronpeach c wi t.h r

theel 18 11 opeach chusher it 13 it a0, 8PBRI L L1318 pcs o

controller 8 doegccxﬁed angie “am;tsausmnmq iredicady Stateleeron efifr ekanpld, msbﬁad:f: nidde,

rider 14 maintains,bal ance hy hgo to handraij |, (no hown)
e handr arl ", 4 oy Mi8iate 00 i iBked e pizce. Lk Re Bbiel I REASH tnelaiSle o L e
vehicle in the fdeéreasey andfithe Biatie td B vdriicad blGiatiod rﬁﬂyrs%tbefdi*@thieﬁbzﬁi &a&h@s
either clinb or descend the stairs. The cluster control | aw used

control ler 8 toC0pBriesia ensure thathe cluster reaghes P . agsiftthes inibe Flystes °&§tr?1#‘é
control |aw fi8r g dee ahaifBiaPlcn RSk td M€ truklr ltngé?)r e and 5o Mttlﬁr&us&?‘ijs may

be represented as: 25 I'n the equation
above, T[err] r épledsaghioye thespesifipdtosientatiorpfd’. 0 represents the vehicle pitch
error, [err] represents the cluster angle error with respect to vertical,
and t he Kl err] represbheontrol lawiae hepetiofese faserikedorill ggmiatn apesater thapehicle foirt ch i s

dEf! ned with re | er%nc%%?&hgstm:ffndordert{)%ﬁﬁlyo?é‘ésc&&s%g'rﬁﬂrIMEAS error

desi gnates the curren
: vehicle 10 in the forward direction to travel down the stairs or in the rearward direction

20 to travel up the stairs. The rider accomplishes this by pushing off of or by pulling on the
stair handrail. In cases where riders lack sufficient upper body strength to exert the
requisite force on the handrazl to cause the clusters to rotate the wheels to the next step,
an assistant may help the rider lean the vehicle in the forward or rearward dimcuon
Altemauvely, the pxtch gain, K,, may be decreased. Decreasmg K, has the effect of

25 making the vehicle easier to lean into the stair thereby allowing the rider to lean the
vehicle with a lower force on the handrail. However, a small Kfl also results in a slower

rotation of the cluster during stair climbing thereby increasing the stair climbing time.

In accordance with preferred embodiments of the present invention, additional
terms may be added to both the wheel and cluster control laws, as described below,

30 providing the advantage that the effort required of the rider to lean the vehicle is



value and a fiducial value that nay be set by the controller, either by
presetting or in real 30 time. The cluster angle (otherwi se referred to as

the 'cluster n") with respect to vertical is a calculated val ue
based in partwié(’?gé&al ngs of sensors mounted to the PCTAUS00/06629

4 WO 00/ 54 Hicant duced. Th

hGr 1 USOO) 06620 BB CRARTCar e PIosHitere T pigpled s ofimph or fescend sizirp woaided i ¢y
is fixed to the byahisssistanand contains controller 8. AI ter natively, the
cluster angle may be referred to the E-box itself, in which case the

cluster angle wth rEigpelatd dlustimesEardyphasdsof skais'agmataadl ddzsgzer[tsruli]:gma}ydmgwn ns

(i e 0 11 er ent 1 41 FBRCOFOTRo T VP HI RN CUGaHEA G POESYSLPot BT by o

the sane for m5asledcht ag@ Bbds@bt leqiitelthe ridd?@o select thokiRedtion of §thio uavel gﬁrem;s} are
different for the wheel and cluster control |aws. For _exanple, t he

wheel control | fevidingangdditional sefewfeserdiiminatias the Sosiiiy of 8 BePISFtt o zer o
whil e the f I r [

Gl Ust er ot ati onEaicn by SRR Fo: BifpS s Bt nplitibyjn GRAARRORY (DO ol 20 and
the cluster cont2idkttiched oslugsedm 220armsdownt fbt riddnend vaiides rdeguakgmmaﬂy as
speci fied angl e th subs |1y no.stea e . error. FEor.ex e, ,.in
bal ance node, M » SRR Efnh% ﬁfi @Pﬁ?%ﬁ%‘ﬁtﬂ}o&%?g{? ?ﬁﬁ%ﬂ%rlag‘iﬁgﬁc Fﬁ’%ﬁlhgfcé. As
the cl uster us it 240 defided bR GG 230 &1d the clustélQRIs280.Thodtld dbﬁné@bﬁ&é Qﬂe to

t he verti cal :}ggt ation may stop before the cluster reaches
In order to ensd@fBardpyery réf"l?tﬁt“éﬁhfﬁsé%ﬁ%smﬁffaé‘?qsimgwgﬁ@ﬁ%“%@ﬁ\s ﬁothe

cluster control lgefnel The Jeg,\@{e%ﬂﬁ(%ezﬂgmt B_OEFA anfg,,grgggﬂgm;y didrREn Sby St

not or command so that the cluster | 0 achieve the specified
orientation of Ofwica]ling with IﬁSPf:Clt to gmviiymlmhmnm the alnstasadie? ¥ defipesche

descri bed w || %urst\élgpgsqwgre us emn e;sehl cle for
15 Figure 2a shows vehicle 20 on the bottom landing 260 of a flight of stairs 270. In

typical stair mode operation, the rider faces away from the stairs. Thus, the direction
facing away from the stairs will be referred to in the following description as_}t;ae ‘front’
direction, while the direction facing into the stairs will be referréd to as the ‘rear’
direction. The wheel 212 closest to the stair riser 280 is considered the rear wheel and

20 the wheel 216 farthest from the stair riser 280 is considered to be the front wheel.

After the rider posmons the vehicle on the bottom landmg 260 as shown in
Figure Za the rider enters “stair mode’ by s0 m.stmctmg controﬂer 8 The: rider moves
CG230t0a position over the center 290 of the rear wheel 212 as shown in ngure 2b.
The rider may move the CG 230 by grasping and pullingon a handraﬂ. Alternatively,
25 CG 230 may be moved by an assistant tilting the rider énd vehicle 20. In a preferred
embodiment, the controller 8 (shown in Fig. 1) may alter fhe fmme pitch férithe rider.
As the CG 230 moves behind the rear wheel center 290, the ciﬁster arm rotates to lift the

front wheel off of the landing 260 and onto the next step 295 as shown in Figure 2c.

Referring now to Fig. 2d, the configuration of vehicle 20 is shown after the

30 cluster motor (not shown) has rotated the front wheel onto the next step 295. I the rider



ascendi ng and descending stairs. In order to clinb or descend stairs, rider
14 | eans *vehicle 10 in the forward direction to travel down the stairs
or in the rearward direction 20 to travel up the stairs. The rider

acconpl i shes YR ®S8P8pushing off of or by pulling on the  PCT&SeHa6629
handrail. In casggauhs to
exert the requei'lgs}i 'ltfc gn ogg’%é%dﬁ’?gtctﬁ a?%#c?% aﬁﬁ?k?&@%%g%@% qt%g?&a}r]as to
rotate the V\heelssectiﬁ)edtlh:e imBoatedHyapmeral 234. dihe aggd ddfmnd byrtige Z&andhhvemmder

| ean the vehicle e forward qr rear d direg ternatively,
the pitch gain, W{% JFWHSC%yraB@' PSR heg! B’F@é@’ﬁﬁb@f&?‘?’]eﬂ the repE andlf. e ot
of 25 maki ng th@ Vem&ingle%ﬁh&rbytlﬁe h@?ﬁxd‘ AVeRichB254iH EspeblQb g}w_tﬁ&%\g ng the
rider to lean the vehicle with a lower force on the handrail. However, .
a smal |l KlerrP dhroughtbecluster axis 28034 defieed as the frant angla@yof Therfont land tear angles | ng

stair clinbing thereby increasing t st aj

accor dance with %t %?%%%ﬁgjgﬁ%gﬁf'ﬁbﬁﬁggo fW‘Wgt%f?F‘%esté’ﬁ?g |4n‘5§ﬁettpf?'nm Shodny | onal

terms may be addeglidity. both the wheel and cluster control |aws, as described
bel ow, 30 providing the advantage that the effort required of the rider to

| ean the vehicle is ¥the rider decides to descend the stairs 270, the rider moves the CG 230 infront 5
WO 00/ 54720

PCTUSCO 06629  of the frgnbangle, Bant e qoatrokéas gutomptically depides theqliregtionrof cluisish| ed t o
i nb d . ' g Fi
e R o

2a-2d illustrates t es o _ ect’i VeEry
known as stentrollet nondmm@ ch]‘sm ips eseet-clotkwd st dxmums(&atht:ﬁéreseme Fd:g)raﬁy ol

nodes for both as nt an S not e the rider to
sel ect the di rec?‘f“‘?%%’%‘? S‘g’f’%ﬂs ‘?25 Ism{rﬁ%‘?%g'f/g<9wﬂ? &1 rofAies e CRsIShiR
safety factor by cRlckwWisPairddton it RR&ESEDIFiS. ¥aPind e YeREH arsé‘&&zs the stairs 270.

Using the same controller for both upward and downward stair travel provides an
15 important safety feature to the rider by preventing the rider from accidentally selecting

the wrong stair travel direction.

Fig. 3 showsa schem#tic block diagram of the sub-modes for the stair mode.
From enhanced mode 300 {which is d_escribed in U.S. Ser. No. 09/321,401), the rider
selects stair mode 310. Each sub-mode is characterized by a set of gain coefficients that
20 are combined with the system dynamic variables in a generalized control law. The
generalized contro} law for the wheel motor (the wheel control law) and the cluster

motor (the cluster control law) are shown in equations (1) and (2), respectively below.
Vw = kwe(e,&em - e,mar) = kwec ,9 I + k\-:d q},w + k\vp{p’w
o))
25 'Vc = ks(e’fmnl + B'mnr) + kﬂr B + k55’ + kpa' + kijé,d{
(2)
In the equations above, V,, and V, are the commanded voltages for the wheel and cluster
motors, respectively. The subscript w refers to the wheel variables, the subscript ¢ refers

to the cluster variables, the subscript r indicates the time derivative of the variable, as

30 does 2 superscripted dot above the variable. The prime notation indicates an error
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selection by the rider. For purposes of sinplicity in the figure, only two
wheel s 210 and 212 attached to cluster arm 220 are shown. The Ti der "and
vehi cl e, denoygdyggneral ly as 20, are represented by th f
gravity (CG 230 of the rider and vehicle together. A 10 I?ﬁgﬁ%@géﬁg

defi ned by the ®@TaBROnmmdy,thealifferasde®etvash the2b0al viive ofifiglveridatdf andaesify t he
line 240 and,a vertical, l'ine 252 with respect to gravity, passing
t hr ough the cl u%athéero% ’éanfg}ﬁ For exgaplenibe wher POSItPLEEPT P Fdhd?fPﬁeﬁﬁ%mﬁi tch),
[err]. The angl guegdd, ec By, £1,Ust Whe@iglraReRS thedvheol polftich hCdrerkiRE by t h
respect to gravﬁy pagz“i ngxf"?\"rdo%{ﬁh ?héﬁ'pé%sfer aexi S?EZPSOO gefh%nees trﬁeby\,I _
cluster positi ofn-besrd sapbers amt 9 a0g) ®biesenfsahe desired Sheel positionfes galcwat@bbyshows

hicle 20 t he, bott ding 260 of a fljght, of stairs 27Q. .|
Vypi cal otar® ot ARe kaieprraac e mors Preech Vel AR ARG o Thus,
the direction reprebsd€ddtg @%Xvﬁfeé%ifﬁbﬁb? baliahg :%Mcidstebsoﬁtiﬂ{nafyrae%&&uwaabe

followi ng description as the "front' °~ ‘direction, while the direction
faci ng i nto thelSskaipgieriagg py thgsetradains indicated iscquptions (Band (2). Thejetegdanialn. The
wheel 212 cl osegl ; ' I . ' ' e r Wﬁq and
20 the wheel 210 aritfﬁg@tlﬁg%c?%nﬂ Eﬁazf&slflgf?egeéf%@?&%g&irhsagct%ér}g}} ggor% {é o%%se t he
front wheel. and rider comfort Akd e Hehletermided bypareiof balivery $kéll inghd adnerolomist he

bot t | andi 260 h i . _Fiqgl 2a,. th id t ' st ai de'
by so 1 nat r 0 E5Red fodtg BRberipuiaipn, Sy bF drgRon of tesib setietay. oSl £ on

over the center 290 .pf. t.he_rear eel 212 as, shown i Fi gure 2b. The

ri der may nove the &feég%g 5‘?‘82‘%‘ 29“%’{’?1’6“%11’1[1@‘ﬁﬁ’tﬁﬁggoﬁgﬁéﬂ“8?$m°de 300 by

Al ternatively, rferSERclsh. THRYcoRBONBWEbr Biir Mbda akiveiyalitferbht!hanBe: doAoindwler and
vehicle 20. In preferred enbodi ment, the controller, 8 (shown in Fig.

1) may al ter tHE" FREMESHPPE apdeioes Rt prp ey the same Jigugbaprectirdist. TS idehi nd
the rear wheel GephefuckQiuatibe ‘gt.lﬂ'&' HoBE’ 3%() B9 drdr tﬂﬁ)uklg éﬂg'sﬁg-nﬁﬂ@refemed fgQnt

wheel off of the |anding 260 and onto the next step as shown in Figure
2c. 15 ‘PosdercPervoGlusion or PG §20.28yb-mhde RPN pravideoastale platiirgl e 20

I s shown after ster or (.not, shown), h rQt.at: t he. trant . wheel
onto the next S\%Ji%:gl L%%E%kcllfgf % t%ﬁ ééylé)llt (él%n(d 196 2" lancﬁ:%g. ﬁ&bzflt?%n ag&r 14ndiRE is
6 provided in the cluster control law by setting the pitch gains, k, and k,, to small values

‘relative to the position gains, k,, k;, and k;. The lafge position gains result in 2 stiff
' position control of the ciﬁs;:er'positioh rélative to the CG. A’ simil'af!s'!tratég'y'ig also
20 implemented in the wheel control law by setting the wheel position gain, k., to alarge
value relative to the other wheel gains. This has the effect of keeping the vehicle in
place as the rider prepares to start stair climbing. The stiff position control of the cluster
" enables the ndsr tb‘sﬁiﬁ"the'CG over the rear wheel as shown in figure 2(b) by changing
the desired cluster position, 8;..4-
25 The desired cluster position is modified by the controller which processes the
rider commands input via an input device sucﬁ as & button or joystick 44 (shown in Fig.
1). AS 844, is modified by the controller, 8’ becomes non-zero and is multiplied by k,
producing a non-zero voltage command to the cluster motor resulting in the rotation of
the cluster relative to the CG and producing a configuration shown in figure 2(b}. An
30 equivalent view of figure 2(b) is that vehicle pitch, 8, has been decreased from 0° to g. In

this description, a convention is employed wherein a positive pitch angle corresponds to

8



WD 00154720

PCTI USOO 06629 decides to continue ascending the stairs 270, thé rider
noves the CG 230 beyond a specified line indicated by nuneral 234. The
angl e defi ned W%0/34p¢ 234 and a verti cal Wi th respect t @CHUS0/a6H29

passi ng t hr ough cI ter ax 250 is defined a he. ar | e, .
[err]. The angl eth er klu?%? {"‘ fopyard té‘mvgﬁ F‘E’Zﬁ ol l%\e?ﬁatg%b"ﬁézgfoﬁ"ﬁh
gravity passing sta ofthbweMﬂb ahdQutSthatEh®y traitisn &H8e hb-1fiefe ‘OaUandmgt 530, frment
angle, [err]. The front and rear angles are mpre particul ar]y described

bel ow with ref er BHiSHIOp GetFegn S@'WF@F & acprpplished byHeripring the gatny assopiafeg with the
If the rider decides gua-rgﬁé%mhé > riycfa&d%?& thd é}ﬁcrrnF IR mdBYieH thda 230

in front of the front angle, The control automatical ly
deci des the d|5r emwﬂmon@m@%m ammntwmeommw@bmmpnwmméasur ed

pitch, [err], ar . es.

controller rot at Egﬁ ﬁ& El%P%dé %ng of ﬁxegreégrg HIVSPUO@I’ %1% Eﬁ’s]imnd% %5{’:%’?1‘8&%\/& Ctoﬁmi
reference to Fi gsch&ﬁx)mgasdes@ﬂ:dd\nehisch@iﬁﬂ;dmslchajdﬂm,ﬁhwh&h& Hegei 70. | f
[err] < [err] t he cﬁagroller rotates the cluster in a cl ockw se
direction (with PEFBYMAIGELY fEEBR. 2d) and the vehicle ascends the stairs

270. Using the sane controller for both ug\ﬁ?ﬁg and do vvard
stair travel provi ded®HK 9n-2pdig pubympdesiifethy contogiieraliowy g pigerip grsEohip

preventing theg rdeed niaz&gygﬁﬁ%@qgé Aridte @%e@tp{da&e ally, aa%nwam s%i:%icfde ssqvel

di rection. i shows a Schemati c Ioc di agram of the
sub- nodes for t hadlosss giervehisigdo roll freefr ipritharhafondrdrotearsad %mtnooh%andmg

described in U 09/ 321 4 ‘2 e al_t_ node
310. Each sub- m?g de %%dec#brpgg?lgr 0 %EB‘Q%{;C’QK z’ff ‘%g S%r ﬁ“%‘ogg'ﬁ’ ﬁ*’é?ne‘ﬁ% ’La eh%‘%ns'zo
are conbi ned wi tiy, dofigk Sy dr@matlics fAltice wodhe adhbxeﬁustda gingianier chistez eshtobniv ol
law. The The large k, has the effect of making the cluster motor sensitive to small changes in the

15 pitch of the vehicle. The rate gains act to provide a damping effect on the cluster motor

and tends to smooth the motion of the vehicle while stair climbing.

The pitch error state variable associated with kg, {8’ pon + 8°,...), represents the
angle the CG is in front of the front angle, 8, or the angle thé CG is behind the rear .
angle, 6,.,. The pitch error state variable is a slightly 1&0’:3 complicated function than the
20 error variables defined in equations (1) and (2) and is now described in conjunction with

the description of the front and rear angle. - T S

The error state variables 87;; and 8’ are two sided functions show below.

[ Bpom -8 for 62 Bgom

B,fmm = i ' (3)
25 0 ‘otherwise .
fo - for 82 O, :
e’x'ea.r = i (4)
ooy~ © otherwise

The front and rear angles can more easily be understood with reference to Fig. 4
30 which shows the cluster and wheel configuration and identifies the angles and lengths

used in the front and rear angle calculations. Fig. 4 shows the configuration of wheels



generalized control law for the wheel notor (the wheel control |law) and the

cluster notor (the cluster control |aw) are shown in equations (l) and
(2), respectivgl el ow. [err] %ﬁ%’qg 25
[err] vﬁ/o%w? In the equations above, V[err], Pgﬁfafg P are

t he commanded Vohi(ﬁﬂﬂsdli%hh%h@m%%eﬁgxﬂﬁbé’%ﬁé s:aucaserw&:%é fmﬁ@@mmo‘bﬁl y.
The subscript wrefers to the whe vari abl es, the subscript c refers

to the cluster vHeilewrstep 464 ef @mﬁmqﬁndrtha mativhatiddl omthe upprs spAShokthve of
the variabl e, aSg g&?cagé) eﬁxe%ro%?&%rrcsa%riv'h@élecgntgrg t41§2:?&’ Iﬁ3t r@gpegtafe }ag'e?otat &e pri me

notation indicates an err

7 WO 00154 #30nted o the cluster arm 420 which rotates, in tum, about the cluster axis 421. A

PCT1/ UJSC06629 vari abl e, nanel the difference tween t act ual
val ue of the var fcéﬁ?’@eﬁﬁﬂcﬂégﬁ Pasees ‘glm“gh\}é? ¢lestg pxip Rél %ﬁlpéﬁp‘é“ ofrigs CaMfiaf e,

the wheel positiggc8hk %,ve{uafa 'isJ desdribed B 1B Rltbr b N, L,,gzz freMURY t@'MO Eoetﬁé]

where [err]represents t e wheel position as determ néd by oard
sensors and [err?luﬂemxssﬁhmsdbyEeM|mgld Wzmsmmﬁa@immwfmmd by

the 5 troll t th fo iable. Th
i tch var i abi o i Sertical 25t SZRY Bl Bier rwdin. @ileerirBRAgib e BIFEe {or )
and the cluster RAgid 530 addnd bster arFas) ’ﬁféQngES'rﬁ/ennon forl hgleRftR edspdct Bakk by

the set of gains indicated in equations (1 (2). The selection of
the specific Yl géerense vestieh ispapifiveror Foutase \mﬁ e rA speaified Sont yeetical

sub-mode obj eCt i ¥@8Sintersects a line defined by the cluster arm 420 and defines X,,,, as the horizontal
distance between the cluster axis 421 and the intersection point of the front vertical 441

with the cluster arm 420. Similarly, X, is the horizontal distance between the cluster

axis 421 and the intersection of a specified rear vertical 442 aud the cluster arm 420.
15 The front angle, 8., is defined as the pitch angle when the CG 4490 is on the front
vertical 44%. The rear angle, 8,.,, is defined as the pitch angle when the CG 440 is on

the rear vertxcal 442

The OnLandmg sub-mode 330 also allows the vehicle to roll freely in clther
direction. This is implemented by setting the wheel position errors to zero. This allows
20 the rider to position the vehicle against the bottom riser before ascending the stairs or to

drive the vehicle off the top landing to begin stair descent.

The rider can vary the vehicle pitch, 8, by pushing or pulling on a nearby object
such as a stair railing. As the rider varies 8, the relatively large value of k; produces a
non-zero command to the cluster amplifier to drive the cluster, and the cluster begins to
25 rotate as shown in figure 2(c). As the cluster rotates, the cluster position, §, also”-
changes. The controller monitors the cluster position and, when the controller
determines that the cluster is no longer in a horizontal orientation, the controller

automatically transitions to the sub-mode ‘Climbing’ 340 (shown in Fig. 3).

10



and rider confort and can be determ ned by one of ordinary skill in the

control® arts'10 w thout undue experinentation given the description of the
sub- nodes bel ow. Referring further to Fig. 3, stair node 310
is entered fr¥Mi¥FHEhced node 300 by rider sel ectlon TREUSEVI6628] | ans

mode” and doce not pr AL (S 0 Bt e SREL PanlER ppser ol e Peige

prevent such a s:letmhit:ie(yitch 6.t The closistontdol Gavk Gse@ Mt ETiMlinis340 Smiler Rldikidapde
referred to as 15, ' Position Servo Cluster' or 'PSC 320. Sub-node PSC 320

provi des a st abl%hpFlstELRoRirol law uygddn Qhandiegd® e i s on | evel ground such as
a stair landing. Stability on a stair landing is provided in the

cluster control |aw Wﬂgé’cetiﬁwgbmm&%ubﬁmdgaums thig vehielp f%tﬁél‘ ipheregrwanio smal |
val ues § Chilokiff i dhek B RBRI:BIRR 0RL ggml@[d?&zdan hethdas A0FIbRL | -
a®sti rofl o e

The | arge p05|t|on gains resu oSt on cont
cluster positi ofromengvrethe fortvinel dictioh esmrmﬂearrma&mt@gyvem il vehicl2 Grom

i npl emented in the cont by setti 05| i,on gain,
k[err] to a |ar3& ety Y {pnge %F‘Sﬁ% E\g’eﬂewfg*?%@mméggé’&%r ®i¥hi s has
the effect of kpgidghddwy, ek F%&v&eﬁi positionZhiACE,_as all w@l@maﬂ{z@@%@s to
start stair clinmbing. The sti osition control of the cluster

enabl es the ri d%%*uq‘@fgmﬂﬁefﬁ’ﬁeel@@%v'éhs W@OH@&SOMG@M%\@S@MW positicpu.e
2(b) by changin | ust |on e The
d((as? re)é cl ust%ér 9‘?5"6%? the S Rl ??Slltge& ' %‘gi%fkﬁg ngr‘” \L/\I}? (o Pthe wheel (o

ron is nod pr ocessés t he
ri der conmmands fmq)ylmow: & therearvid diektubn:mt&m&s asesa)rmgtfbmmfohe wws&avels id
(shown in Fig. . As [err] is nodified by the controller, [err]’
beconmes non- zer §° %ir?cﬁ“’ ssqul tiplied by k[err] produci ng a non-zero
vol tage conmand to the cluster notor resulting in the rotation of t he

cluster relative to tifdorsrhmation ofdhe whepl é‘l’@tﬁrﬁﬂﬂaﬁfl&f”ﬁ%ﬁ famhshARRSa oy gur e
2(b). An 30 equiya@lsant wﬂée‘?%ig&tyf%agyfcw %Qh%,ﬁeﬁ cfgmtva}@mkféh%iﬁél%ﬁug[ Bl

has been decreased TromO cription, a conventidn is

enpl oyed whek®i w%\»pdmttimwnm tegitivany))e Tobreombimenoisoftadarge positive gain

8 multiplied by a negative wheel velocity error produces a large damping effect in the

- wheel control law that results in the deceleration of the wheel in the forward direction.

A negative wheel velocity corresponds to motion that would drive the wheel into the
stair riser 280. In such a situation k,, is set to 2 large negative value. This causes the

20 wheel control law to accelerate the wheel into the stair riser 280. The controller
monitors the state of ¢, and loads the appropriate k, into the control law when ¢, =0
resulting in DO discontinuity in the motion af the vehicle when the new gains are loaded
into the wheei control law. Thc rearward accelerauon of the wheel into the stair riser has
an additional benefit to the rider durmg stair ascent when the rear wheel is on the top

25 landing. Wighout rearward acceleration, the rider may have difficulty rolling the wheels
backward_cnto the landing. With nearward. acceleration, the controﬂer accelerates the
rear wheel backward to find the next stair riser. Since the rear wheel is on the top
landing which has no stair riser, the controller continues to accelerate the rear wheel
backward. The controller is simultaneously commanding the cluster motor to place the

30 CG in a stable configuration directly over the cluster axis 421. The simultaneous and

independent operation of wheel and cluster control laws appears to the rider as the

11
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PCTUS00106629 the vehicle leaning in the forward direction. The
controller will detect the non-zero pitch state of the vehicle and
automati cal | y WP &#&73% on to t he sub-node ' OnLandi ng' 330. TheCT/US00/06629
transition between, sub-nodes i s, acconplished by replacing the gains
associ ated with Y%g?e mmm%?ﬁa’fvf%wg’&b‘bﬁﬁlﬂgeW?F‘Fsﬁlﬁée’t?&&‘h@gbé’é‘g & tans wheglt h

the entering subevasthithd @ptdaging! uster 5 and wheel control laws, as

apparent to one of ordinary skill in the control arts. In a ~ preferred
enbodi ment of the pr gseffer iov&Rhd iR WehicErrdrh 302 1hdAB bhckvwaRGRIS dbjdaesh ¥
control scheduling as described in U S. application Serial " no

09/ 322, 431 whi cHop knpisgethcontrollerimanisoys dheswhag! hasitionf @y. SWben the rear wheel has | n

t he OnLandi ng suf- t he control.ler I the rider to.gcontr t he
10° olueter ot aRoTR S8 237 hab Bie. SRl ey (o E¥lEnck B P AR e
OnLandi ng sub- modawadion the lapdib@\Wse doigollee BirCiately Asirid thaf theBbit viHaela: bitgkhd he
forward or rearvvargpdi rection. OnLandi ng - sub-mode 330 permits rider

pitch control by°REREinggnd somatically wasionsdp sel-fmods Ralending30e gai ns,

k[err] and k[err] to _|arge values relative to the other cluster gains in
the cluster control [Tagwheel contrpd lqwoferthe ilianbing 3@sub-medetlseeses B pitelkstatg t he
cluster notor s kit : kN, ' . el e.
The rate gains gg"?ﬁ?%%glrt%\Qﬁcgfeﬁgiéléhcigérl%lpﬁgsog#gg]&ot n sfuﬁle%écd%g’g t(& gelflé %g%{%é'rgg ﬁge an
tends to snootth wahves faptheovheek pitch gaivg ki e kyhi The signabf the pitelakmeg. in equation

The pitch error j.abl e late .t h.klerr] represents the
angle the CGis (?}nﬁ% ?%a\(nlgédotf) e?%‘éea‘ﬁ?c“gﬁ"t“a’%‘?‘?gﬁ"g“"[’ é%*]”?ysd‘?{hf'ﬁ@é“%?fg AEeEHRE- 86 i s
behi nd the rear the casaofyhepitdheriite lerm e alitiolued vabid oftheSfih fate/ia kdkah b 1hs sign is
slightly nore con‘gljcated function than the 20 _error _variables defined in
424§ to\Fgute thah FrgArgis s Qi trRi ich oteiéng dissetanethe Gpippand to the, o

equations (1) arh

description of twWigefwiBlwsSde OAkardAH Brection. Similarly, the read Bitd dr isShiBRted
variables [err] and [er r! are two sided functions 'show bel ow. [err]
15" from the front pitch error.

As the cluster rotates the front wheel to the next step during ascent or rotates the
rear whee] to the next step during descent, the front and rear angles are recalculated by
the controller. As the rotating wheel (the front wheel during ascent or the rear wheel
during descent) approaches the next step, the CG will move in front of the rear angle

20 during ascent or behind the front angle during descent and the controller will

- automatically transition to sub-mode Transfer 350 shown in Fig. 3.

The Transfer 350 sub-mode, aﬁdﬁts the rider to pause on each step and transfer
the CG to the rear of Bm,. if the rider desires to continue asccndmg or in front of 6 if
the rider desires to descend the stairs. Transfer 350 sub-mode allows the rider to shift

25 the CG by pushing or pulling on the stair railing. Additionally, 'rmlnsfez; 350 sub-fnode
allows the vehicle to roll in the rearward direction but not in the forward direction, as

implemented by the same wheel control law as used in the Climbing 340 sub-mode.

In order to allow the rider to pause on each step and transfer the CG to the rear of
8. if the rider désires to continue ascending or in front of 8, if the rider desires to

30 descend the stairs, the cluster is driven according to the control law

12
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The front and rear angles can nore easily be understood with reference to
Fig. 4 30 which shows the cluster and wheel configuration and identifies
t he angl es and | engt hs used in the front and rear angle cal cul ati ons.
Fig. 4 shows tW@O¥&20 gurati on of wheels PCT/US00/06629

9 WD 00/ 54720 ,

PCT/ US0006629 410 and 411 of the YefifBi e as they woul d be on the
staircase with the fggnt wheel 410 on the | ower step 450 of the
staircase and the rear wheel 411 on the upper step 452 of the

staircase. The fyRatvernd MBQGHB WNeRl o681 BJr Shis hibdndiads ¢l SurfikiemBael/ity flioy are
rot at ably mounted to the ¢l uster ‘arm 420 which rotates, in turn, about

t Ihe cl ust er axi shejder toshifgthe F’éﬁ@? Gﬁﬁetw@nmecfmm #BOerassesusitg wodshate fasce I
2
cluster ent o426, e, Pk o] 05,8, 49,8 e SERUBRSTIEDLF

cluster axis 42hdanthnleysﬂtyhmftphdmbmh:er,he[ﬁemrz]nd rodnigdlesi s t he angl e defi ned

by the reference vertical 430 and L[err] 422. The cluster position,
[err] is angle defi n&hileyn ﬂ‘xb&‘r&ﬁ’x@ﬁaﬂ%&meds thywnhbmlchéb’&@ﬂﬁ&mstehpomidnstmr
arm 420. The si Yanventlon for les with respect % t he #8 reference
vertical is posi§ ‘cfedf“*"‘&%ﬁ‘la’éf’aséi ERW‘%@QS’(S‘P%\F’%H"”’R SPERE PRUYE

vertical A4ont Wh&I $BL8cSon% dxffé}&ndep IEREOhDYeat HBect! y&;e%n@én& é&&m@;
defines X errg as the horizontal di stance between the cluster axis 421
and the i nt er8edkq Systesppsitionds inatwrizensplrorigatation; die cagptoller assurpps thatithfeveliclest er

arm 420. Simlarl i 536% r
axis 421 and thé %{nn 1%5%@%%! 0§b$t{b§hﬂ8&d§%%a & n?‘!élgr veﬁ?xl&g&as}%% %8&%%3&?
cluster arm 420sub-Broddhe front angle, [err], is defined as the pitch angle

when the CG 440 is on the front
In order to make the vehicle responsive to rider leaning, the front and rear angles

are recalculated by the controller during stair climbing. This is more easily understood
15 with reference to Fig. 5. In Fig. 5, wheels 501 and 502 of the vehicle are shown during
the ascent of a single stair. Fig. 5a shows a representation of the vehicle with the front
wheel 501 on the lower step and the rear wheel 502 on the upper step. The wheels are
attached to the cluster arm 503 which rotates about cluster axis 504. The front angle,
B 18 defined by a first line 511 and a vertical reference, not shown, passing through

20 the cluster axis 504. The rear angle, 8_,,, is defined by a second line 512 and a vertical

reference. In figure 3a, the vehicle is in the Transfer 350 sub-mode with the CG 520 of
the occupied vehicle between 8, and 8,,,, and the cluster arm 503 in a non-horizontal
position. While in Transfer 350 sub-mode, the rider can easily shift the CG 520 of the
vehicle to the configuration shown in figure 5b where the pitch, 8, is equal to 8. The
25 rider can easily shift the CG 520 because the cluster control law for the Transfer 350
sub-mode shown in equation (5) above has a relatively small value for the pitch emor

gain, k.

In figure 5(b), 6 = 6, and the controller automatically transitions to the
Climbing 340 sub-mode. As the rider shifts the CG 520 behind 8,,,, as shown in figure

30 Sc, the controller rotates the cluster arm 503 and lifts the front wheel 501 off the lower
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vertical 441. The rear angle, [err] is defined as the pitch angle when the
CG 440 is on the rear vertical 442. The OnLandi ng
sub-node 330 also allows the vehicle to roll freely in either

direction. Thi%OP¥4%8| enented by setting the wheel positi onPEHPpEsREH

zero. This all owg.,2 ' t td PN vghi d bott om
ri ser before asceﬁd%ﬁsgj‘:h{;kﬁrémst #%555?@&8?%&3 ‘“’"‘atnglgﬁ‘g;%%eﬁve i C"Q%%B[%PE% he top
| andi ng t o begi rroBteai In mhetsmbantduring the rotation phase Wiee this crefricle isrsupporigd bile by
vehicle pitch, [err], by pushing ul_l i 0 near obj ect uch
as a stair rail itﬁeg?‘?l‘fﬁ%g%éﬁé‘s F??TQ?’R\C}I%F"@Q("P g&?‘igg S?Qe‘gf' gﬁéﬁ“%‘leﬁ’i’w‘feérage 39§| ue
of k[err] produGes ismall o Hﬂﬂ%ﬂﬁ@ﬁﬁggﬂgﬁpgx Frohskd? 856 LibShSde sRBRA el fler L O
drive the cluster, and the cluster bedins to 25 rotate as shown in figure

2(c). As the 8l stide taroveasegbe dirdetion bimdinelingong duripg clugter ats3-rotation.  dfiginges.
The controller i h | ust Qsi bl an . rol
det erm nes t hat rg(a 5{163{532%%&31%5% Sot%aé‘f'miz‘g%él ﬁg‘}cﬁ%‘%?lgb B%F’?’g %aﬁ“%ﬁ?“l he

co Rt rol | er 3m| fo0¢rakd al Wheel 5020 Sidde RSCE 820 R€1iB bEhindolg, thelcoitiiag’ 340
shown in Fig. .
(10 VO 80 / gggqt'g@zcs to rotate the cluster arm 503. As the cluster arm 503 rotates, the controller

PCr/t SOO/ 06629  caleptat G (hd AR ARG éﬁa olnﬂ%@ﬁd?zesh WAIE! fiduft
control the cl us?té‘r’_ar?%?%“r"’%‘i varyi ngtg;gd taﬁgege |a?:'%e |%ch, fer?{ . The
cluster cont Bl Xghis wedhdd wheEltherdvinstantBapdated &omtiahd reapangled enpand 4 a point

where 8= 8_,,. When the pitch equals the rear angle, the controller automatically

transitions to the Transfer 358 sub-mode.

Fig. 5(g) shows the configuration of the vehicle at the end of one stair climb

cycle where the front wheel has been rotated to the next step to become the rear wheel

[
(¥}

for the next cycle.

The selection of the front and rear wheel functions used to calculate the front and
rear wheel angles are chosen to optimize rider comfort and safety during stair climbing.
In a preferred embodiment, the front and rear angles are customized to the ridéfand
depend on the cluster position, ¢,. Using a small angle approximation, the front and rear

20 angles may be calculated by the equations below.

50 = (VL)X fronlP) + O,y
- (6
Brene = (VL)X real{P) + Ot
)
25 Inthe equations above, the quantities (1/L.,) and 8, are constants determined during
rider customization as described in U.S. pending application serial number 09/321,401.
The functions X,,,, and X, both are functions of ¢, and may be determined -
heuristically. In particular, the functional relationships between X, and X, each,
respectively, as functions of @, are plotted in Fig. 6 in accordance with an embodiment

30 of the invention, each normalized in terms of L,, the distance between the wheel axes of
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to the cluster control |aw used in OnLandi ng 330. Wil e the
Cl i nbi ng” 340 sub-node allows the vehicle to roll in the rearward 5
direction, it does not allowrolling in the forward direction. The wheels
are prohibitedWO85428omrolling in the forward directi on asper/esiessgs
measure to preveg% tcpe c\r/ehi cle from accidentally rolling off a step.
This function of & i ng 340 sub-node is | npl emented by setting

t he wheel position gain,. klerr] t.0 | a .value relative to th

val ues of the other \/\Pg@i’g {jgf F}&’f‘b"%ghcc"ﬁhgg‘d? ?‘@PG%C‘Z‘)?S °PI§§1éetr§artsﬁte°%8’é‘§‘?l'°r ed
wheel position, peddgcldder arm 509rdidiRn 360564 iMbaRks NOIhbEANg). [Raviliywhenever
[err]. This allows, the wheel to freely nove in the rearward direction

but creates a re8VBARRS Byoheddar polding opteeetait hapdrail sAjspfety systent fas getopptiqay r |
The forward noji ciﬁ% tieRRnitRGRt s E{ﬁé??{r@%g@g@ﬁéﬂ% Udwh i hifleE F&ﬁ%ﬁxgnby

setting the wheel velocity gain, arge positive val ue
wheel vel ocity, pyontdfadsysiem fayloisinowlesc(ibeis (The bralje pitchaontenjiat ineebd meneasil¥hi s

conbi nation of a e itikve gai nul tipljed by. e i ve wheel

vel ocity error p?%%tgjsg%osfi Rgiﬁ'i %#eéeélcgé)r%%ﬁgm@f"%é?’%Fgﬁs%ﬁrgxucad%v\eh%z%{e p@(%hnt rol law
that results in tdmollecdheingisiatrielimbini e vdi@ellerinonittie tHeatusrs chottir tetietatide

A negative wheel v Iocitg corresponds to notion that would drive the wheel
into the st aftd Yalieky tempasatue E@RW“&"%?’FE‘&‘F? BYFriepting P thesiusief mERr ar | ar ge
negative val ugp Hdiesy, BRUSESOIICP BurdBaticaieBloled BbfaRE pitcB\WohiblIRE ERERE 8f Be LS
wheel into the stair riser 280. The controller nonitors the state of

[err] and | oads th9&nas§leprFiatTe The biakq piicheentioler krisas the veligdginighesiatically | = 0
resulting in no di j N | ' ' .

gains are | oadedgﬁég&lﬂ;rﬁgglﬁ Phﬁe/' %@@é%%@%@%&&%ﬁ@éﬁe\%r gf:n el er aWi on
of the wheel i nt drivehthestutar moteeFhemamplifier is tumez obdli to ridovaihe blastef dodtot © coble

rider during stajr asgent n.the r el is.on.t t | andj.ng.

W t hout rear war d&%“é%e rcg{lﬁ\é@f?}' ﬂ?ﬂghqﬂg%ré’“ gﬁﬁ%"?ﬁ%’??%ﬁ Eﬁ%ﬁq’%b‘)’? He
wheel s batkwadtdeclived, th\éonlronsdigngap¥stthe 1650di brukek i G8@ kit radhe iR fortah e
controller accelterat es the . rear eel backward to find the next stair
riser. Since thefef@gcondiden Pisengaging e chyprer brakes alipwsibe ¢t arpadd shpvat i 1
riser, the contrgllar [ sl : rd.
The controller |§%s%%??§%£%ﬁg?§é%ﬁ%gﬁ I.ng tt?glilgfuégt% {eep %ngﬁi)lﬁngtcgnplé%?gﬂt he
30 CG in a st abl éeclams thggpuirdlencmgages ¢thel dJustey brakdshie 630. Usftes engaging thebiakeFine

o aanears T %50, teloSIFERCREs iPHE LR SpeRkrund 05iich Hin ExibS hdeo B ©!
20 over-temperature condition has passed, the controller exits the brake pitch controller in
670. If the over-temperature condition still exists, the controller rechecl;s; for a falling
condition in 630. A}fgﬂing condition may be declared using state-based criteria alone or
- in combination with each other. In one embodiment, the controller compares the
absolute value of the cluster rotation rate, ¢, to a preset maximum cluster rotation rate,
25 @,y - If the absolute value of @ is greater than ¢, ,, , the controller assumes the
vehicle is falling and declares a falling condition. In another embodiment, the pitch rate
@ is compared to a preset falling pitch rate, 8. I£ 6 is less than 8, , the controller

declares a falling condition corresponding to a situation where the vehicle is falling

backwards onto the stairs.

30 In another embodiment, the controller declares a falling condition when 8°,, is

less than zero corresponding to the situation where the CG of the occupied vehicle is

13



WD 00/ 54720

PCT/ USOO 06629 vehicl e noving rearward while the cluster rotates just
enough to bri n,gotogjgd%‘{]ont wheel | evel with the top |anding.

In order to preven e vehicle from accel erati ng backward PREGSEEPect on
t he top | anginh@, tgol | I t-or,s_the wheel, posi.tion,. [err].
When the rear mr%glﬂﬂ r?ééﬁ%&’%%\’/g‘a" r@é Frlggr?é;e gt;tﬁaa!ﬁesc? & hSh I%&?évxh‘é%‘afiwb?'ﬁ%

di st ance bet weenindeanostrsl 462 and 413) rearward on the | anding, the
controller can safely assune that the front wheel is over the top -

| andi ng and aut omat i daké gltermanahtddinmm: bfrhsblakd B cEAtoRtBglihe gindd3Pmotor ,
The wheel controélmllz%.w for the i b- node al so uses the pitch

nbi 340
state i nf or Hat ] *Sﬁmf'%c%%‘?ﬁ?ld?@%&g ﬁ}é‘S‘E"e‘lS?‘lEJfﬁ”cP‘tS Biedeadplasedon thpelugem - node

by using rel atsi vabtgr is&igRd.Ithe cUilek@Stof SpelifiRed N RleeRiIbHiRA S lﬁgeecrhéilg and -
k[err]. The signs of the pitch terns in equation (1) are c"ﬁange {o
ensure that the ‘RAEERd thgSRirs. dWring stair despent; the mblor exparienaesth dichauialiamoad! n

the case of the.a%icéx.ﬁ@mea&sczfgg a;g%raJeb& ﬁ@%ﬁk&%@% %&e%m&g,g ggg,%g%{ﬁiee s

taken and the sign is gative to ensure regar pitch
rotation directigvityt Hsrefotonthe tbad on the eluster motohembe \itrited by pakibitig sthid a

rearward directi L I the rear pitch error i.s subtracted 15 from
o S bl b 5 B e S et S UGB e o

the front pitch error.

to the next d0epbrakepitcigeansonay the Clusteritadl@ss dndtged if 6 £ ONWLMBRbIoL & bafdgy Next
step during descent, the fr.oa)% and_rear_ angles are recalculated b t he

control ler. As taﬁ'g"tFIB{’%m“FFg‘s %Cé?d'h%}@@?’@ﬁ’@@ﬂé@ldﬁﬁmpéﬁwﬁmiéﬁ ifhe
rear wheel dubtomg bamfm;en%ﬂ&m@g%écm&dﬂgéta_oﬁgégﬁse:& Ssifiba Wdlr%ste move

in front of the rear angle 20 during ascent or behin ront angle
during descent &SR8" Yaablgn At ansl§ are rasptitd zero, 8, qutivsehtoizeml tng &,.;qhsiet iodg t O

sub- node Tr ansf%yhe%&'goiﬁg@w d &F sk Be 119 The %’ ansfar 350
sub-node, al lows the'rider to paa:tjglg ug’nﬁ that s YRR AR @F@rd% conditlon
15 occurred. The effect of the reset is effectively to lock the cluster if the rider tries to
continue ascending stairs when an over-temperature is detected while still allowing the
rider to descend the stairs. Additionally, the reset effectively locks the cluster without the

delay incurred when physically locking the cluster brake.
 Having thus desctibed various illusffative embodiments of the present invention,
20 some of its advantages and optional features, it will be apparent that such embodiments
are presented by way of example only and sre not by way of limitation. Those skilled in
the art could readily devise alternatioris 4iid imiprovements on thesé embodiments, as
well as additional embodiments, withoist départing from the spirit and scope of the
‘invention. For example, though the wheels are connected 1o z single linear cluster arm,
25 the cluster arm may be angled to accorimodate more than two wheels in a cluster. In
addition, the cluster arm may be separated into two or more cluster arms, each with only
a single wheel wherein the cluster axes may or may not be co-incident. Accordingly, the

invention is limited only as defined in the following claims and equivalents thereto.
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the CGto the rear of [err] if the rider desires to continue ascending or

in front of [err] if the ri ' escend.the stairs. Transfer
350 sub-node allows the rider ';J ig“l ﬁg‘gﬁﬂl}l@ﬂ CG by pushing or pulling on
the stair raiwosgyssrxddi tional |y, 0Tr *Sub- node ptTOsm/cbh2e

vehicle to roll_in the rearward direction but not in the forward direction,
as I mpl enen IE@'n‘ﬁ'he sane wheel control law as used in the Cinbing
340 sub-node. In order to allow the rider to pause on each

step and transfbr tHbdedealer sspendingand gpscending sipips) the teviprandiag payiradi r es t o
continue as Cen%%h&{cg%@iﬁtt}gt@t&s@m chitbdidrizbd b} E'&é#ér de gvragﬁ}sénrd%}it%ﬁ eSCF:vice .

descend the stairs, iI's driven according o tthe contro aw
12 WO @p5iding0

Pc' TUSOCO 06629 [err]

(5) wheénever [aerarcjustef bren, gathtablelebot archtster axis il aiwsthe aims clspdcterized by a

sufficiently Iog/ to all ow the rider to shift the vehicle CG between
the front and rCW“Eéﬂ%‘FEs usi ng noderate force 5 on the stair handrails.

The | ow value for k. appears to the rider as a soft region where th

rider can easily shi% ‘Pféh‘&@? gornteaniacrae meghers Eﬁﬁﬁaﬁgéﬁ"“hﬁw&?.“e&md
Whil e in the TreimsfepecBhhadindRas; anidhe control l er checks the cluster
position. |f the vehicle is on the stair case, the cluster position

will not be horizonteals Q68 Bethitr for rotating the cluster arm about the cluster axis so as to

10 cause the device to execute one of ascent and descent of the stairs based on an input that

inciudes a shift of the center of gravity.

2. A device according to claim 1, wherein the ground contacting members are
wheels,
3. A device according to claim 1, further comprising a controller for controlling

15 rotation of the cluster arm according to a control law.

4. A device according to claim 3, wherein the controller has a plurality of sub-

modes, each sub-mode characterized by a control law.

8. A device according to claim 4, wherein the controller is sensitive to the cluster

angle in at least one of the sub-modes.

20 6. - A device according to claim 3, wherein the controller controls rotation of the
cluster arm according to a law that is separate from any control law for controlling

rotation of the ground contacting members.

7. A device according to claim 3, further including a sensor for monitoring pitch of

the system and for providing a signal to the controller.

25 8. A device according to claim 3, wherein the controller canses one of ascent and

descent of the stairs based upon a signal related to the pitch of the system.
9, A device according to claim 3, wherein the controller comprises:

a. a wheel controller that controls rotation of the ground contacting members;
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front wheel will be on a different step fromthe rear wheel. |If the
controller detects that 10 the cluster position is in a horizonta

orientation, ontrol |l er hicl e is on either the
top or bottonﬂﬁf’( ffy and aut ommgmrm ﬁm i ons to the RETHERUIEY 330

sub- node. I n order *to¢make % hé véhl cle responsive to rider

| eani ng, the front and rear angl es are recal cuI ated by the controller
during stair clinbi a o cg. with reference to
Fig. 5. In Fig. 5, %eeﬁ % tg?)[ezégwl%/ gpé\}‘e ég&ée}gr%hom during

the ascent of ‘agingk ae‘a&eg%;lor%lgg iR S U goggsgﬁgqaﬁgg St R higyeni l e

with the front e rear
t he upper st ep. débbant oftheltsirsciaged at leagttubae the @itéhooftiessystbast er arm 503 whi ch
rotates about cluster axis 504. The front angle, [err] is defined by a

first line 514 #hd awemteiaeajrdmgfmam@ewha@m tsdwml cdafsidriegntidls @ugibn 30 t he
cluster axis 50;}! The rear .angl e err] is defined hy a second |line 512 and
a vertical & SEopRG emtaciing Wraéﬁr%m@acoréw Vith p Synetigrsofithe pijed of iy itean. 350
sub-nmode with the CG 520 of t he .occupi ed vehicle betvveentm[‘err and
[err] and the clst &b daisnasersding oflaim . Woprindhe wheel contrpiasicoptatis roftipr &f j n

Transfer 350 SuiseBRHEd cdnbifrifd AEHLGOR LaFH dnYe @h%ghnw&h SFehepdiintdh of 5&% of

vehicle to the configuration shown 1n figure 5b where the pitch, [err], is
equal to [err] .thw?étriglyofmd-cwmgamembeshu ft the CG 520 because the
cluster control law for the Transfer 350 sub- nmode shown in equation (5)
above has a ¥l &-ived Qemmor@ag wecldipr9, whereipithecwbeel qoptroller corfenlgyotakion of

|0 11907 L) Ltk oo il BRSBTS

[err] as shown ﬂhabhrzytyﬁ'gﬁﬁhnMontﬁdegmmbéz@] |l er rotates the cluster arm 503
and lifts the front wheel 501 off the | ower
13 14. A device according to claim 10, wherein the controller causes descent of the

stairs when the pitch of the system exceeds a specified front angle.

15 15. A device according to claim 10, wherein the controller causes ascent of the stairs

- when the pitch of the system is less than a specified rear angle.

16. A device according to claim 10, wherein the controller causes one of ascent and
descent of the stairs based at least upon the pitch of the device relative to at least one of a

specified front angle and a specified rear angle.

20 17. A device according to claim 14, wherein the specified front angle is determined

by the controtler based on the current position of the cluster arm.

18. A device according to claim 15, wherein the specified rear angle is determined by

the controller based on the current position of the cluster arm.

19. A method for governing motion on stairs of a device, the device characterized by
25 an instantaneous pitch angle and having a plurality of wheels each rotatable about an axis
fixed with respect to a cluster arm, the cluster arm rotatable about a cluster axis, the

method comprising:

a. setting a front angle and a rear angle defined with respect a vertical direction;

18



\Ié\gT??J/SgZ(Z)gGZQ step. As shoum“H“l‘!|“HL“M”ML)(h) the [err] and

[err], change as the cluster arm503°¢ * fotates. In particular, during
the rotati on pNa@s@sdattere the vehicle is supported only by  pCrUSm/osear
wheel s as shown in figures 5(c) through 5(g), the difference between [err]
[err] is small to mi it AFBaRETES elpfier agpanproyide fessprdoE thegisyice shaipsantancous d

the rider 5 dqﬁ{cg@xéegdsr@ygf,ﬁemgg%gi rection of stair clinbing during
cluster arm503 rotation. Fig. 5(f) shows that cluster arm 503 has

rotated to a verticale Resh CriéQﬁE RhRG 08 1d BBvilit QREncWR BRI device if RO st Eleohde
rear wheel 502. Since the 520 is still behind [err] the controller

continues to rotRickislpws thansbe wer angles 503. As the cluster arm 503 rotates,
the controller cal cul ates new val ues of the front and rear angles and
a configurati én Wowd mathbd eeeowlirkGo ching 19, vheraimthaettp whsatting fizont engle amt 4 y

dated f t d . t ' wh = .
When the pi tch UIAREeoRAarEaPoBRgdcet s < i ogt P SO Eatd &y v of

transitions to tihecilstansger 350 sub- node. Fig. 5(g) shows the
configuration of the vehicle at the end of one stair clinb cycl e where

the front wheel as begethb®forbelylrdhalnitiy s stablli@PoftOrRSFRNRvicE EorlcBabinsteel
15 for the next cycle. The sel ection of_ the front and rear

wheel functions 455&ndipg stais. the uppeportdevies bine eaercterizeq y-A pilth @ad hayif es are
chosen to optjmze rider confort and safety during stair clinbing. In a
preferred enb@di nent, t hel-fAEXETERE r ear angl es are custom zed to the rider
and depend on the cluster_position, [err]. Using a small angle

approxi mation, the front Hndchgsrapgetugegrhasciggedly Tigmpeeireler Byjving e

equati ons bel OW.custer arm in rotation; [err]
(6) [err] (7) 25 In the

equations above, the quanﬁif‘éiﬁa“i{e(c}éflb)cd?!% N clfdis se@NSgant s det er m ned
s de

during rider custom zation a scribedin U'S. pending application

serial number 09/321,401.;, , se%GPmM&ﬁdSRQﬁe ﬁﬁc%r(fflheat%sﬁ&ted’e@i]ce Qﬁﬁﬁ‘cﬁ'&@s a

functions of [err] and nay be determ ne
15 sensor signal;

the method comprising the steps of:
a. monitoring the sensor signal; and
b. disengaging the brake when the sensor signal exceeds a preset threshold so as
to allow the cluster arm to rotate freely in such 2 manner that the device assumes a
20 statically stable configuration on the staxsr_s. | -
22. A method for limiting & load driven by.aﬁ actuator for driving a transport device

in ascent and descent on stairs, the actuator characterized by a temperatufé," the method

comprising:
a. monitoring the temperature of the actuator;
25 b. detecting an over-temperature condition; and

c. limiting the cluster actuator load by allowing cluster rotation only in the

direction of descent for the duration of the over-temperature condition.
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heuristically. In particular, the functional relationships between X err]
and X/ err], each, respectively, as functions of [err] are plotted in~
Fig. 6in accg%gﬁﬂé% wi th an enbodi nent 30 of the invention, each
normal i zed in'ter B L[err] the distance between the wheelPCai8ep/ 06629

14 WO 00/ 54720

PCT/ JS0006629 each cluster. During stair clinbing, the
vehicle is supported by only the rear set wheel s during cluster arm
503 rotation as shown in figures 5(c) through (g). Stability is

mai nt ai ned by the rider holding onto a stair handrail. A safety systemfor
automatically 5 placing the vehielg_in a statically stable configuration,
as shown in figure 5(a), in the <&yent of a systemfault is now

descri bed. The brake pitch confr may be nore easily under st ood
with reference to Fig. 7 shomﬁ‘ﬁp‘ k schematic of the brake pitch
controller. During stair clinbrg e~controller nonitors the cluster

not or tenperature and batt&ry tenperature. If the controller detects
overheating in the cluster mmtgﬂlcﬂyﬁi battery, the controller
automatically invokes a braksg sh/\controller, entered in the step

shown as 610 in Fig. ® '

h controller brings the vehicle into

a statically st able~coO % . In step 620, the controller turns
off the cluster notor \ drives the cluster notor. The
uster notor to cool down. The

anplifier is turned of
controll er then ctgcks gndition in 630. If a falling

condition is 15 t dey rol | er di sengages the cluster brakes
in 640 and rechecks for‘k i.1i0n, angagi ng the cl uster
brakes allows the cluste ' :;;# o rotate freely
and to place front wheel arfrmg-condition is

decl ared, the controller brakes j4650. After engagi ng

the brakes in

16 9

SUBSTITUTE SHEET (RULE 26)



650, the controller checks if the over-tenperature condition still exists
in 660. If thé 20 over- tenperature condition has passed, the controller
exits the brake pltch controller in 670. If the over-tenperature

condi tion stilVOE&¥PEEE, the controller rechecks for a falli R§TUSB0/06629
condition in 630. A faIIing condition may be decl ared using state-based
criteria alone or in conbination with each other. In one enbodi nent,
the controller conpares the absol ute ue of the cluster rotation
rate, [err] to a preset maxi numcluster rotfation rate, 25 J[err]. If the
absolute value of [err] is greater than [err] the controller assunes the
vehicle is falling and declares a falling condition. In another enbodi nent,
the pitch rate [err] is conpared to a preset falling pitch rate, | f
[err] is less than [err] the controller declares a falling
condition corresponding to a situation where the vehiclie is falling
backwards onto the stairs. 30 In anot her enbddid®dent, the

controller declares a f:'Qing conditl n when [err] isj 23pess than zero

correspondi ng to 4the sitogyi on where ghe CG of the occup|;: vehicle is

15 WO 00/%4720 T i \D

PCr I Usoo/ 06629 behiindsidne rear an le, [err]. : oi ce of valres of

[err] and [err] is withirn ordinary s art

In an alternate erf 22 2d2hr dke pitch contsell éf, @99 uster notor
fe-~-€| ust er not or ;

anplifier may contin
the cluster 5 nDto

ag-p-aced on
J—T280 cl ust er noty es the |argest
| oad when rotatiTmg e to ascemd—th FTS ing stair
descent, the not expeesennﬁﬁ a nmuch smaller |oad ip because t he
direction of trafel of the vehicle is in the same direction as the force of

FIG. 2A FIG. 2B

230

FIG. 2C

—252

FIG. 2D
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gravity. Therefore, the load on the cluster notor can be limted by
prohibiting stair ascent when a notor or battery over-tenperature rs
detected. In an enbodi ment of the 10 brake pitch controller, the cluster
brake i s engad®@%$4%rr] when a notor g battery over -RCIVHFEVEHI ¢ i S
detected. In a further enbodi nent of th fgrake pitch controller, if a
notor or battery over-tenperature is detected and [err] < O[err], the

cluster position and gate----oeeeoee- OF-4- BN i-aD]- 8 E---- |- 81 £-F -2t - f-Ok £} ---aF. € T eset
to zero, [err] is seti to zero, and is gt [err]. where [drr] is
the value of [err] at! the-trme=tirag the er%errpera‘-m'ega'rrd—rhe [arr] <
O[err] condition 15 dccut red.%The e reset 1sOgffeqgtiveliy to

| ock the cluster if tihe §iggs
an over-tenperature iis detgds

descend the stairs. Addi{igdaH
wi t hout the - del a8y i heRIk )
Havi ng thus described vafi o< ive e

invention, 20 sone af i{s adiant gges and optional f
apparent that such enbod Mot Fare presented bylw —axanpl ¢ only
and are not by way ofi |i AR ose.skilled in e art cougld
readi |y devise alterdtiong He e ipr ov men%won hese enbigeli nents, das
wel | as additional enbodi ol t hogit d rtipg fromti® spirit and scope
of the i nvention. For glicnnected to a
single linear cluster arm igpled to ac¢ommodat e
nore than two wheelsiin a . &= t helzgll uster akm may be
Separated into two or nor{ i Oty a singlke wheel
wherein the cluster, axes 1| accordingly, the
inventionislin‘itg&i only nms and
equi val ents theret @

42| aschiand ot aiirs when

) t@eéE;.“f rgder to

b| & dnde¥ks Hhe ¢l uster

néﬂ‘i cljust er br ake.
pr esent

ift w il be
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WO 00/ 54720 PCTUSOO 669 VE CLAI M :
1. A devi te for ascendi ng and descending stairs, the device and any

payl oad t oget her constituting a systen1character|zed by a center of
gravity and av%?ﬁ%ﬂnﬁthe devi ce conprising: 5 BCT/HSQ[0639 or
arm rotatable about a cluster axis, the cluster armcharacterized by a
cluster angle; b. a plurality of ground contacting nenbers
rot at abl e about nmenber axes fixed Wi tf/pespect to the cluster arm and
c. a notorized actuator for rotating the cluster armabout the cluster axis
so as to 10 cause the device to execute one of ascent and descent of the

stairs based on an input that i ncludes a shift of the center of
gravity. 2. A devi ce according to claim1l, wherein the ground
contacting nenbers are wheel s. 3. 430 A device according to claim
1, further conprising a controller for cont?biling 15 rotation of the
cluster armaccording to a control |aw. 4. A devi ce according to
claim 3, wherein the controller has aiplurality ofi{ sub- nodes, each
sub-mode characterized by a control | aw 440 5, A devi ce accordlng to
claim4, wherein the controller is sepsitive to the cluster angle in at
| east one of the sub-nodes. i
— 442
441
411
/(/413
410 420
e
M2~ ' 452
280
)
450

FIG. 4
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20 6. A device according to claim3, wherein the controller controls
rotation of the cluster armaccording to a law that is separate from
any control Ia&b%ggicontrolling rotation of the ground contacting
menbers. . ™ devi ce accor di ng to claim3, further PATASEVOGELSa
sensor for nonitoring pitch of the systemand for providing a signal to
the controller. 25 8. A devi ce according to claim3, wherein the
control |l er causes one of ascent and d ent of the stairs based upon a
signal related to the pitch of the system 9. A device according to
claim3, wherein the controller conprises: a. a wheel

controller that controts—motati on of the ground co ng nenbers;
17 WO 00/ 54720 PCTi US00/ 06629

and a clugter control |E} thatco pti on of thé&
cluster arm ‘@gl ce acco¥ding tg, ¢
dsgent and . desce&nt-

l\\“lc, ' ) @ 11. —

rs based at

controll er cause
rding t&Jlai m

| east upon the pitch o
9, wherein the whee
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the ground contacting nmenbers in accordance with a function of the pitch of
the system ° 12. A device according to claim9. wherein the wheel
controller controls rotation of the ground contacting nenbers in

accor dance wi P &#/¥¥8cti on of the position of one of t hecpbsowakes y of
ground-contacting nmenbers. 10 13. A devi ce according to claim9,
wherein the wheel controller controls rotation of t he ground
contacting nmenbers in accordance with a f%winWIOf the velocity of one of
the plurality of ground-contacting nenbers: 14. A devi ce accordi-ng

to claim 10, wherein the controller causes descent of the stairs when
the pitch of the system exceeds a specified front angle. 15 15. A

devi ce according to claim 10, wherein the controller causes ascent of the
stairs when _the pitch of the systemis |l ess than a specified rear

angl e. 16. ' [Adeviteraccordrmy-tio-ctar it mhrererm-the-ront-roi-t-e
causes one of ascgnt and descent of the stairs based at | east upon }he
pitch of the devikte relative to at | east one of a specified front angle
and a specified rgar angle. 20 17. A devi ce according to claim 14, -
wherein the specified front angle is determ ned by the controller bjased
on the current position of the cluster arm 18. A devi ce accordijng
to claim15, whergin the specified rear- angle is determ ned by t he™
controller based jon the current position of the cluster arm 19. A

met hod for governing notion on stairs of a device, the device characterjzed
by 25 an instantianeous pitch angle and having a plurality of wheels eﬂch
rotatabl e about &n axis fixegd WthXpgsdbst to a cluster arm the
cluster armrotatjabl e about a axi s, the met hod conpri sing: _
a. setting a front angle and, gl e defined with respect a vertida
di rection;
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WO 00/ 54720

PCTI JSOO 06629 b. actuating the cluster armto provi de descent
of the device if the instantaneous pitch exceeds the front angle; and
c. actuating ¥4t er armto provide ascent of the devi cecrfusednses

I nst ant aneous pitch is |l ess than the rear angle. 5 20. A et hod
according to claim 19, wherein the step of setting a front angle and a

rear angl e includes changing at |east one7?§ the front angle and rear angle

on the basis of the cluster angle. 21. A method for safely
regaining static stability of a transport device for clinbing or
descendi ng stairs, the transpor vi ce being characterized by a pitch and
having: 10 i/ aclugster arm ii. a
cluster arm actuator charact et ENSERYy—®8tenperature for driving the
cluster armin rotation; iii. a brake capabl e of
braking the cluster arm and iv. a sensor that

nonitors the pitch of the transpgrt device and provides a 15 sensor signal;
the nmethod conprising the steps ¢f:

TURN OFF AMPLIFIERS  L—&20
_ 630
NO
FALLING? > D*ggﬁgggg _ 640
YES

b 4

ENGAGE BRAKES |—850

Y

NOI| oxkTOoEXIT? |—8660

YES
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a. nonitoring the sensor signal,; and b. di sengagi ng the brake
when t he sensor signal exceeds &%Drﬂ ¢OR 3tdn:e$hol d so as ARl | ow t he
cluster armto rotate freely in such a manner that the devi PR

statically stabpgqonfi gur atwb@n naitdteaL SkoMERTS ORGANTZATIOR 2. A Rgiod for

linmiting a load driven by an actuat S 8® B¥f*f vi ng a transport device in

ascent anWNIGENAHANADAPELIGATION PURLISHENUNOER THaPATHNGT CQERERBITON TREATST @CTY e,

the met 9 Bernationdst BitdRS d1:SdiidGion 7 - _ (15 Tt TR Rnd B Gon MAEReL: € TP ET Y I0B/58720

t he act uaty@ig /03%@51) yog D- detectijngy an over-tenperature condition; an

c. limting tﬁe ‘clust'er actuator |oad b3 st GublidatintDate: 2 Saiter?ead Kd! y9.0ox
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A system and method for operating 252
a device in ascending or descending stairs. 230 270 250
The device has a plurality of wheels ro- 20 ‘
tatable about axes that are fized with re-
spect to & chister arm, where the clus- 240 , ) l
ter arm itself is rotated sbout an axis so : - o
that wheels rest on successive stairs. The 210 212 280
wheels and cluster anms ave controfled ac- o ° °
cording to separate control laws by a con- : VAN 280 /R
troller, Whether the device ascends or de- T % :
scends the stairs is governed by the pitch 260 250 220 v
of the device relative to specified front and
rear angles, Shifting the center of gravity
of the combination of devics and payload

governs the direction of motion of the de- .
vice, 270




