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Abstract---A mrcrocomputer-bCx4ed oprrmal contrcrl sys- 
tern f o r  elect1 IC wheelchaar s as pr e\ented As the weight 
of a wheelchdlr 14 generally small coinpared lo that of a. 
Lrser, the uwr's actual weight can havc a tremendous 
lnrpact om the dyl-inmlcs of the wlieelchar~ 'The veloc~ty 
feedback controller prescnked her c was desrgried to grve 
an opl~mal  response f a  all users by kncorporatlrtg 21 

rneasrrr e of lhc ~ndlvrdnal user ' \ welght Into the cont~  ol 
algorithm. Thr\ nllow\ optrmal control of the mot01 
velocities whrle ~)s\urrng the  corr4tant stab~lity of the 
sy\lem Control of the 5ystern 14 managed by a modified 
pr oporlronal-integral-der lvatlve (PlD) contrcrller , and [lie 
adaptablllty i\ Ilandled by use of vCtiia"irle-structure con- 
trol The Fd'aclo~s and consrderarrons involved rn such a 
sy5tern arc rdenlrfiecl, ail are The advantage\ and disacl- 
vantages ot the partrcrrlar control st1 ategy wed. Exper- 
ln~enlal r esulti, a1 e presented 

A Z80-based velocmty feedback controller has been 
dellgnecl that can grve an optimal response for u\er s 
of all werghts. A software algomthm was ~ r ~ ~ p l e -  
mented that 1rrcorporate5 a mea4ure of  the user'\ 
weight Into the determrnatron of the coefficients di,r 
the control parameter\. 

Thc theoretical basi5 for thlc, work wa\ developed 
by Johnson (1,2). HI, gc~al war the deargn of a self- 
adzrptiive coritroller 111a"rcould be ~asetd In an auto- 
matic gurdance rystem for electric wheelcfna~r\. He 
derlgned a cont~ol  system that u\ed a rnodrfied PlD 
control rcherne to c;Jcrrlate and conizbrne the control 
parameter\, and a vanable \trrrcture controller to 
dctermlne the appropriate eoeficrent\ for tho\e 
parameters. However, practrcal problems prevented 
implernenlatron 

The aclaptable controlier prerented inere I \  a mod- 
ified verslon of the controller deslened bv John\cara - 
The designed syslenl was ln~ple~nented rn an electnc 

Of the many external vari;ibies affecting the con- wheelchair and its in the field. A trul of an electric wheelchail-, the weight of the numbsr of ~ a c ~ o r 5  were identified being pertlnml individual user was found to have the greatest impact 
lo the control of the irnd were (I). In spite of this hct ,  electric wheelchair manu- thulorlg~\y to detcrlnine their 

fdcturers, if thcy account for the trser9s weight at 

all, desip;n only for users of average weig"n.  his 
leads to a degradation of system response for users rBTHEORETncAZ, 
of other than average weight. In addlition, automatic rrC) THIS pRQ)JE;Crr 
velocity control is seldc~m incorporated into corn- 
rnercial wheelchair controllers. A4 stated ;~bove, t l ~ c  general phrlosophy upon 

which this work ~",baled was developed by Johl~son 
"hr\ work wa\ snppolted by Nlliili: brmt #GOO-83-00072 and 

per lorrned at the Keltclbrirt'rt~on I.,rrglneerrng Center. P 0 Box '3368 
( I ) .  Johnson otrtlrnc\ ;r csr~lroller that will, theorel- 

University Stdtrorr, Charlotte\vllie V A  22'901 
ically, adapt rt\ell' t o  varrations rn load irrerlla and 
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damnping so ac to maintain sy\tern performance to 
within 11) percent of tlae optimitl. 'Ghn\ cor~trollcr 14 

composed of two self-reliant elenrent5 that are con)- 
bined interdependently. The firll element i s  the 
actual control 2tlgtrrithm used to perfc>rm the control. 
and the second i\ the acl;zptivc itlgorithncm that deter- 
mrrles the exact control paran-ieler coefficient\ tklat 
\hould be u\ed. 

For the actual task of cor~trol, ZL modified propor- 
tional-integral-cLeriv;ztive (PID) controller wa\ l e -  
lected. The modified PID controller- differ\ from a 
conventional PI11 corllrvller ral  that rt Piras sir1 integral 
lea-nn dependen~t on the error 51grraI combrned with 
derivative and proportional term5 whrch depend 
only on the oertput. 

'The concept used to make the \y\tern adaplivc 15 

variable rtruclrrre control (VSG'). Bairc;elly, the ideta 
i s  to have a finite ret of control equatro1a.l differing 
only in the parameter coefficrex~ts; each equatron 
give\ acceptable 5yc;lenra perfor-nailnce ua~tler- 21 tdrf- 
fel-enl rirnge of Xoaclirrg cox~d~tiorrs. 'The range of 
loaclinrg condrtrons ;~\\ociated with a p;irt1~~1B;br con- 

trol equation ils referred to a\ a region. Ar condition5 
encolantered by the wheelchair vary from thox of' 
one rcgion to another, the \y\tera~ \elect\ the new 
control equatron fronr memory, tl-ril~c, preserving 
;iccept;ible system performance. 

Johnson has shown (1)  that the number of regions, 
needed for elecbic wheelchair control can be limited 
to four while naaintaining system performarace to 
within 10 percent of optimal. 7 he\e region, ;ire ;i 

function of two parameters: the load inertia and the 
load dampirig. When the four r-egior-rs are rnrappecl 
inla a friction-inertia plane, i t  can bc seen that  
variatiorrs in load danrping have little effect on region 
specification, so that the priaaxary fiictor. rnvolved r \  
variation of Ihc load rmer- ti;^. 

The actual irx~plena~entatroar of the \elf-adaptrve 
controller was attenlpled by Schwiib (3,4). He cle- 
vked a bench-te\t \&up configured to provide known 
luadeng conditaor-rs, and th~r sy\teraa ;~ffoa-ded data 
willclrr clernon\tratccl the contiollerY\ optrmal re- 
5ponte lo a range of loading contllilrons for ;L grvex.8 
r-cgion. F-lowcven-, the r @ \ r  "letup a l w  expo\ed the 

BO0.00 
Co;rkdrolle~ Compam;s;sor~s Vilh Load 

+--"-----+ ---7 +-"--."-.+ +-- 
1OO.M) 0.26 0.50 0.34 0.38 0.42 0.- 

0.10 13.14 0.113 0.22 

Torque (N-m) 

Figrarr 1. 
Compan\orr of nd~mptable cor~ti oller ~11th thr ce 1xnvac;tr e C O X I ~ I  O I I C I  \ 
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practical dil'fic~altres crf irnplen~entlng cr~lclal self- 
adaptive cor~irol algorithms under the con,lralnts of 
a real-time sy\tem. In his te\ts of the individual 
controller region\, Schwah showed that each region 

adec j r la  pelf'ormancs f61" a wide range 
of loaciing conclltlons arrd rl~at the value of the load 
damping had little effect. 'Tlre5e res~llts errgendered 
the idea of using the v;irrable 5trvctur.e controller in 
an electric wheelchair, but making it manually adapt- 
able rather than \elf-adaptive. A\ the exact region 
of operation nc, primarily dependent on the load 
~nertlzr, which in turn i s  groportronal lo the user's 
weight, the proper region of operation can be erti- 
mated and set in software with the eassurance of 
adequate system performance. 
'The bench tellling also included a comparison of 

the velocity respon\s of the aclaplable controller 
with some cornmerclally av;rilable "controllers" I'or 
electric wheelchairs. The te\t was performed by 
startirrg at a given speed with rr-rrr-rimum torque and 
increasing the torque without changing "re reference 
signal. Results are shown in Figure 1 (3), from which 
i t i s  cvldent that the adaptable corltroller offers 
5uperior perforn-rance. 

Control Strategy lmplementationn 
'The modified PIT) controller used in this control 

systenl required four eqcratiorr5, one for each region 
and each containrng three terms. 'These three terms 
are each of the thee  control parameters (progor- 
tional, integral, and derivative ternls) modified by a 
calculated coefficient. 

The first of these lerrni, the proportional term, is 
taken directly from the actual motor velocity. 'The 
second term is the integral term. At e;tch sample 
time the desired motor velocity is subtracted from 
the actual and this differerrce i s  surnrned with all 
piasl: sample errors, forming a quant i~ed err-or inte- 

g~a\  q. '\'he third ierrr\, hehg the derivafivc of the 
actrral velocity, represents the acceleratlorr of rlre 
nrotor. It is obtained b y  c;\lculating the difkrence 
between the current velocity and the Last sampled 
velocity and dividing by the elapsed linle since that 
Last sample, i.e., the 5anrplirag time. 

7'1-re parameter coefficients for each of the cor-rtrol 
eqrlations wcre derrved in (1 ) .  The firral col~lrol 
equations used for the cornplete control of the 
wheelchair were: 

REGION I : (.,, = - (0.8 1738 X (rj/ 

+ (P.o132sxo/, i- 0.34594xy) [ I ]  

REGION 2: e,, = -- (6.8 1882 X W/ 

+- 0.05636 )< ml,, 1 0.85837 X q) [21 

REGION 3: r,, = -(-0.99209xu/ 
-- 0.00042 X wl,, -t- 0.18803 X g )  [.I] 

REGION 4: c., = - -  (2.72040 X o, 

t C).02719xw,, -t 0.51111~~1)  141 

Programming Orrtline 
The software developed for the adaptable con- 

troller wac, coded partly in Fortran-80 and partly in 
2-80 assembly language* "I'e primary control I-ou- 
tirres were written in Fortrarr, and ail input and 
ohitput operations were handled by srs~ernbly lan- 
guage. TI-re programming involved will be described 
here in two way\. First, the general flow of the 
programming will be orrllir~ed, giving only the ba4c 
flow without reference to specific data transfer\. 
'T'I-re data flow through the control process will then 
be discussed, incllldiag the Mow through both the 
hardware and the software. 

The basic programming Aow is shown in Figure 
2. The memory, lirnlng circuit\, and CPU registers 
are irlitialized prior to the accession of the control 

COMPUTE REQUIRED 
DRIVE VOLTAGES 

AND 'TRANSPER 

" 
PI ogrammrng flow dlagr am 
~ O P  the ad;iptirble ccrntrollel 
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loop. upon receipt of a tin-ring Inkrrupt, integer 
sal~rples are "laken of the left and right actual motor 
velocities of tire tiesired speed and direction of 
the wheelchdi,r. Tlzese barnple\ are converted to r ed  
numbers, the desired motor- velocities are deter- 
mined, the three control parameters are calc~llaled 
for each moto~ ,  kmd the necesYdry oulpul rl10iOr 
drive voltages are determined and output. The pl-oc- 
es\ is repeated indefinitely beginning with the wz~it 
for a timing irrterrupt. 

'The data flow involved in this proceciure irr showrr 
i r r  Figure 3. 'This chart is a cvn~blnallon of both 
hardware and software elements of the systern, with 
each sollware box representing a subroutine or a 
ma l l  group of closely related subroutines. The data 
first earler the system tlrrougl~ the hardware inp~its 
(the hardware steps of the pr-occss are represented 
by double boxes), and are converted lo real nrrn~bers .  
The control parameters a re  calculaked alld used in 
the appropriate region equation to determine the 
oritput, and this value i s  then converted into a bit 
pattern for output to the motor syslern. 

Arialog Inputs 
from Joystick 

I 

Digital Signals 
from Shaft Encodcis 

I 

SYSTXIM HARDWARE 

A Zilog Z80 procesrodSTD bus \ystern wa4 ~lrecl 
as ishe basis of the conlrol system ladrdwarc, Tihe 
entire electrical system i 4  made up of b u r .  cli4tinct 
subdivisions (see Figure 4). The pnn~ar-y section rs 

the STD bus rack (nilcrocompu\er\. mc\ ;\ coniimq 
,211 of the digital gl-occssing components and the 
InputIouQipt circuitry connecting it "r the other. three 
sections. The otlier sections are: the joystick, to 
provide the desired signals for the controller; the 
incremental shaft encoders, to provide information 
an the actual wheelchair stiltus; and the pulse-width- 
modularnor (PWM) power supply, which converts 
the controller output into a variable direct current 
voltage to drive the motor\. 

Figrare 4. 
System subdivisiorrs. 

Previous 
Parainelcis 

Analog Drive 
Voltages (to PWM) 

Figure 3. 
Data flow diaglam for the ;tdapt;ihle controller. 

OPTICAL 
ENCODERS 

Bit Pattern 
d~ r !  dirr 

A Prolog STD buc, configuration was used in a 
motherboard rack lo contain and interfiice the in- 
dividual board5 used in this sy4tem (Figure 5). The 
processing \yslem was conipXelely contarnecl in three 
STD bus cards: the processor- card, the power supply 
card, artcl the tnpratiou@put car-cl. 

The processor card i i ~  CPU- 2 + Z8OB procc~sor,  
counteritimer card purchased fiom Computer Dy- 
t~amics ,  Inc. I t  contair~s a h-MHz Z80B micropro- 
cessor and a Zilog ZXOB CounteriTirner Chip (CTC) 
with four independent 16bit channel\.  The six 
memory sockets included on the CPU card proved 
5ufficient to contain all of" the RAM and ROM 
nece\sary for operatio11 of the system. 

'The power s~lpply hoard was reqrlired lo convert 
the 24 volts of the wheelchair battery pack into thc 
voltages necessary to power the S'TD rack, the 
attached boardf, the joystick, ancl the optical en- 
coders. The SrrD hrts configuration specifies that 
pins 55 and 56 carry 1- 12 arad - 12 volts, respec- 
tively. However, cornponcnts on the inputloutput 
card required i- 15 volt5 for proper operation. There- 



U 

* 

Figure 5. 
Colltroller processing system. 

fore, a slight mudificirfion was mildt. lo the ST11 hus plants. 'The rtruchrc of. this joystic,k allows {he 
configuration to rcpl;ics the i- I ?  volt line wiilr + 15 ilrdividuai poten~ionlrlel.~ to be powereif by + 5  
volts and the - I 2  volt line with - 15 volts. 'The volts which pluili~ccs signals which r-;ingr between 
constructed power supply hoard genul-ares all of the 0 and 5 volts. Since lllc I-eqoircd input the analog- 
required voflage~ through the llsc of two pnrchllsed to-digit;ii convsrlrl-s i s  hiso in t h e  0 to ', range, 
voltage convei.iel-s. Both vOltage converters take 24 this climin;lfed fhc need hl- ;iny 
volts as Inpui. between the twcr circuils. 

The third and fin;il hoiiid i.equil-cd for system 
opel-ation is the i l~pnl /unlp~l i  hoaril. This boanl optical ShaR 
contains of the special circuitry rlerded for the Datametric\ K I Series Encoders were 
input of 1hc.io~stick sign;ils and the moior velocities, used gaup,c ;kctli211 motor This 
and for the output of the ciilculated i l r ~ i o l  ~ollliges. encoder is shown in Figure 6 2nd conSisls 
The contents and functions of this hoard are dc- djsc/hub assembly which inounts to tile motor shaft, 
scribed in detail in a later section. enclosed by ;a pl~otohe;ltl iissernbly morrnted onto 

llle maotor- I-aolrsing and sealed to prevelrl soiling. 

Joystick Each encoder prodtlces IWC) frequency sign;xls with 
The Joyslicn< for. slse irr this syslern con- a phase yje1;idl'alur-e crl' approximately 90 degl'ees. 

t;rins the coxllnlan double br.rrsh-eype polcntiometcr- 'This ;rlBovkis nxolor- V C ~ O C ~ ~ Y  inhrralalion to be 
the two brushes in perp~~ld~cml;tr obtainctl I~ror1.o. one channel l~ccause the f ieqnenc~ 
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Figure 6, 
Optical shaft encoder. 

of the outprrl \n/avefc>~m rs proparrt~o~ral to the mtrloa \y\ttern I \  the heart of  he hartlwar-e developed for v 

speed, while motor dir eckronal rnfor rnatncrn citn be thc acd;r~>table corrlrollea . '1'Pr-re 110 hoard I \  made rrp 
extracked from tkre ghalre cirfferexacc between the of four dlltinct cnr-cult\, A\ shown 111 ITigure 7, three 
two channel\, circ\rit\ are Coa ~raprettru~g thc de\nr-ed aaad actual ,= 

Pulse Width Modulator 
Tkre output of the nancrocomgtoter 5ystenr as ;I 

voltage rn llne - 6 to i 6 volt range for c i lc t~  mcrlor-. 
For efficient pesfon-n~ance of the rriotor5, thra, 5.lagrgal 
needs to be converted rntcr a parlse-vvrcdth-r~~c~de~~a~ccI 
(PWM) power signal. In order lo 5rnlplrfy tkac ta \k  
of implen-aentiing tine adapttrhle ccarnlrcoiler-, thc motor 
drive of the existing iinvacare Minxtrir currtrcsller W~II 

used. Since the jcryslrck a\\eenbly ob' the Maxtra 
controller gerrerater the motor ecolnru;lnd sign;tlci, 
lhe joystick inputs ofthe motor dsnve can be dlreclily 
replaced by the adaptable control devace. 

\ylPeras \b;llrxc, , ~ a ^ t c d  the fourth rs f'oi,r oulptrllrng Ihc 
corrected rarofor \rgmalc, to Ihe tWM arrd nrotor\. In 
the followrnp par izgr-apha, each r r f  thee crrcrarh wnlt 
be irnalyzetii rn detarl, 

Joy \li( l; 111p162 145 p~e\ilou\Ly pointed out, the 
output of the joyqtack rudrirectly ,rpplrcable lo the 
Input of Ihd: AID converter\, so no signal conclrt~or-r- 
nng luaeqrrsred. The carclrrt ril ti~cnelirrrc made up 
pram;ixrHy of the AID converten\. 'li'he operiltron of 
the cmrcaii~l hegrir\ with u "\tiart conver 5aon" \ngrxiit 
from tlac ('PLY, whre1.r causes an  armalog 4arnple lo 
be taken c ~ n d  converlrd. When conver-rron as coan- 
plete (a5 \lgnaicd by "re PID(J'5) the CPU a-eads the 

Corrtrol Systeln 1nputlOul"put digrial ~a~raple ,  h" 

li'l-re input and cjukp~at cia-cubli-y 06 the ctrpaalouter Moror Vc~los l'ay %npclt. The "Bi1s1c premise of op- 
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Figure 7, 
Proces\lng sy\tern block d~agram. 

eration of the motor velocity input circrritm.y i s  the 
counting of pulses frorn one of Ihe oirtput channels 
of each optical shaft encoder. A signal fron~ the 
CPU during the t imkg interrupt service routine 
regularly lalclles (every 55 rnsec) the counts con- 
tained in the counters. A second sigr-ral then clestrs 
and restarts the countess. Tl.ris leaves the motor 
velocity cot~rrts stored in latches tinti1 the control 
ix~granr  reads them. 

Molor Direclion Irzpml. Since the motor. velocity 

input provides only the speed at which the motors 
are turning, additional circuitry i s  needed to deter- 
mine their direction of rotation. The circuit devised 
br this Job is very simple, using only two X) flip- 
flops. Each shaH encoder produces two square- 
wave signals with a phase relationship dependent 
upon the motor direction. With one of these signals 
driving the D input of a D flip-flop> and the other 
driving the clock, the output Q will be either 21 

logical I or a Logical 0 depelldirrg on the motor 
direction; i.e., cleipending on which input first be- 
comes active because its phase signal i\ Icading. 

Mofor S i~y la101~t~11 i t .  To produce ;en analog output 
voltage corresponding to a calculated digital \ign;il, 
use is made of digital-l-o-analog converters (DAG\) 
feeding into operational-amplifier (op-arnp) c i r c~ l l t~ .  
The oulpllt circuitry first receives an eighb-bil: digital 
signal from the data bus for cach mobor. Each digital 
signal i s  then converlcd into an eqrrivalent ;malc,g 
voltage, and a~nplified and level shifted by silnple 
op-amp circuits i o  obtain the required output voltage 
rmge. 

Data Collection Hardware 
For the successful collection and processing of 

performance data for evaluation purposes, solne 
;~dditi<~nal hardware had to be added to the systern. 
(This h;irdwar.e is not rlecessary for actual wl~eel- 
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chair use.) First, more random access memory
(RAM) had to be included to supply the system with
enough available memory in which to store the data,
and then an interface had to be provided between
the wheelchair system and the outside world in
order to retrieve that data.

An adequate amount of memory was obtained
through the addition of a byte wide memory card,
and to transfer the collected data out of the wheel-
chair system, a serial I/O setup was installed which
could be easily disconnected from the receiving
system during the actual collection of data.

TESTING AND RESULTS

Throughout the course of construction and testing
of the adaptable controller, several factors were
identified as being important to the control of the
wheelchair . The major factors consist of the joystick
decoding, the sampling time, and the integral state
error. Also presented are the analysis techniques
used to study the system performance (specifically
data plots and stability analyses).

Joystick Signal Decoding
The joystick relates two signals which will be

referred to as the desired wheelchair speed (Wa,) and
direction ((Odd) . These signals are shown graphically
in Figure 8 . Before any specific mathematical expres-
sions can be derived to convert these signals into
desired motor velocities, two decisions must be
made regarding the behavior of the wheelchair in
relation to the joystick position . The first decision
involves the steering of the wheelchair and identifies
the direction of motion the wheelchair should take
as the joystick is placed upon each of the possible

JOYSTICK TOP VIEW

radial lines . The second decision relates the speed
of the wheelchair with the angular displacement of
the joystick from the vertical along each of these
radial lines.

Two techniques were studied with regard to the
wheelchair steering . Shown in Figure 9, they differ
mainly in the reverse direction . The first technique,
Figure 9A, gives true direction steering for reverse
motion. A dead zone is needed to eliminate any
abrupt changes in the signals, and two separate sets
of decoding equations are required—the final result
is an excessive amount of software . The chosen
technique is shown in Figure 9B . This allows for
smooth transitions throughout the circumference of
the joystick and therefore limits the amount of
calculations required.

Relating the wheelchair speed to the angle of
joystick displacement proved to be the most in-
volved aspect of the decoding problem . At first a
simple linear relation was devised, making the
wheelchair speed proportional to the joystick dis-
placement and the individual motor speeds a linear
combination of this displacement and the joystick
signal wed . This relation proved to have too little
resolution at lower speeds, making tight maneuver-
ing difficult.

The wheelchair speed was then related by a square
law to the joystick displacement . This slightly im-
proved the maneuverability of the wheelchair, but
the response was still too jerky at low speeds, due
to limited joystick resolution . So, an entirely new
scheme was developed for the wheelchair speed
decoding which encompassed the concept of differ-
ential wheel velocities . In this scheme the joystick
variables 0)ds and W dd are transformed into a desired
average speed and a wheel speed differential, re-
spectively . They are then mapped into the left and
right desired motor velocities . This scheme com-
bines all of the desirable aspects previously men-
tioned, and proved to be the most successful joystick
decoding.

Data Collection Analysis
The goal behind the data collection was to gain

an understanding of the effects of certain variables
in the control algorithm . This was accomplished by
plotting sets of system response data . Each set
studied the effects of one variable by testing the
step response of the system for a range of values of
that variable while holding all other things constant.
Three variables in all were tested in this manner;

sIrie

(ftyglbkwd
joystick

movement)

codd
(ref t/r
joystick

movement)

Figure 8.
Joystick signals .
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Figure 9. 
Two wheelchair steering techniques. 

the effects of varying the region number was the 
original objective, and this soon led to tests using 
differing loads and terrains. The effect of the sam- 
pling time was also studied, and these tests are also 
presented. 

Region and Weight Variation. The step response 
of the system was tested at 55 msec interrupts for 
all four regions for each of four user weights: 40, 
125, 180, and 260 pounds (18, 57, 82, and 118 
kilograms). The regions in order of increasing user 
weight are 3, 1 ,  4, and then 2. 

The left motor responses for a 180-pound (82 kg) 

user are shown in Figure 10, which indicates that 
the best response occurs in region 4. Region 3, 
designed for the lightest of users, has a large peak 
overshoot (-26 percent) and a long settling time. 
Region 1 shows an improved response over Region 
3, yet still has a peak overshoot large enough to be 
felt by the user. The region ""expecting" the heaviest 
of users, Region 2, shows continued overshoot in 

the response. In view of the other region responses, 
one would expect this region to be noticeably over- 
damped, yet from a logical point of view this 
response is anticipated. The control coefficients are 
djusted to calculate a response for a much heavier 
user. That calculated output, when received by a 
system much lighter than expected, will cause the 
wheelchair to overreact and each overreaction is 
"correctedw by another signal again calculated for 
a heavier user. This oscillation continues about any 
non-zero reference signal. To the user, a rapid 
oscillation such as this is perceived as a vibration 
not unlike running on rough terrain. 

Tests identical to these were run with users of 
several other weights. The best responses for two 
of these are shown in Figure 31. The best response 
represents coincidence of user weight and region 
number, thus validating the use of equations [I] to 
141 for the respective regions. 

Terrain Variatiorz. The system was tested for its 
response and speed control while moving both up 
and down a ramp of the type used by handicapped 
persons for constant region 4 operation with a 180 
pound (82 kg) test subject and a 55 msec sampling 
time, (see Figure 12). Recall that this is the proper 
region of operation for these conditions. 

The ramp used held a fairly constant slope of 
about 4.3 degrees and connected to a length of level 
ground at each end. This was desired as it gave the 
wheelchair time to get up to a normal level-groul~d 
speed before hitting the ramp, and time to recover 
back to that speed after completing it. 

The results of these tests show that the controller 
maintained the desired speed quite well. The up- 
ramp test results are shown in Figure 12A. Here the 
wheelchair speed first increases to the desired value, 
then dips slightly as the ramp is encountered. The 
desired speed is then quickly recovered and main- 
tained up the ramp, spiking high only slightly when 
level ground is again reached. In the down-ramp 
test, Figure 12B, a very similar response is shown. 
The desired speed is closely maintained except for 
small fluctuations corresponding to the beginning 
and end of the ramp. 

Overall, the control system responded very rap- 
idly to changes in the terrain, with any sudden 
disturbances being quickly detected and corrected 
for. Although this test was not performed using a 
commercial "controller," the bench test described 
in Section 11 indicates that their performance would 
not match that of the adaptable controller. 
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Figure 10. 
Step response for a 180-pound user 

Sampling Time. The maximum sarnplllrg time 
guaranteeing the stability of the system is 55.5 msec 
(3). This sampling time was ~ tsed  dtlring the devel- 
opment of the wheelchair installed adaptable con- 
troller. When the system was con-rplete and all real- 
time calculations were minimized, the systern timing 
was removed to allow a free running measurement 
of the processing time. It resulted in a run-tlrrougl.1 
time of 9.8 msec. This afforded quite a bit of leeway 
111 the exact timing of the system, so tests were run 
to determine if a decreased sampling time would 
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secure an improved systern response. Three differ- 
ent sampling times were examined irr a variety of 
tests: 15, 37, and 55 milliseconds. 

Two approaches enlployed to study the sampling 
time were the previously mentioned collection and 
plotting of response data, and a stability analysis of 
the system. The results of the data plot analyses 
indicated that 55 msec is a betker sarnpllllg time than 
either 15 or 37 msec. The results of a stability 
analysis of the control system showed that as the 
sampling time is decreased, the complex conjugate 
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Figure 11. 
Best step responses for 40-pound and 125-pound users. 
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Figl~re 12, 
Ramp test data plots. 

pair of poles offhe third- order system move outward 
tawards the unit circle. This indicates an increasing 

degree of oscillation and tlrerel'ore a decreasing 
degree of'stahility. Thus the 55 rnsec sarnpling tlnle 
was chosen as giving the best system response, and 
for this reason it was used in all othcr tests in which 
the sampling time is held constant. 

The Integrcrl State Error Proh2em. The integral 
state error, one of the three parameters used in the 
control scheale of the adaptable controller, is fun- 
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dament;;llly the sum of all past salnpled differences 
between the actual and desired speed of a motor. 
When the control system encounters any set of 
conditions to which it cannot properly respond, this 
error term builds up. If those conditions persist, it 
can reach values which, upon removal of those 
conditions, will require an inordinate number of 
sampling periods to eliminate. This can cause the 
wheelchair to continue moving for an abnormal 
length of time beyond the release of the joystick. 
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~ 1 1  attempts at limiting the magnitude of the 
integral term proved to also limit the control re- 
sponse of the wheelchair. No  complete so\ution to 
the error problem was found, but two modifications 
were made to the code which eli~ninated the possi- 
bility of build-up under normal wheelchair usage. 
The first was to limit the maximum speed so that 
the output signal can never exceed the capability of 
the motors even under conditions of heavy loading 
or ramp climbing. The second modification was to 
add an instruction to the program which sets the 
integral state error to zero at any time that both the 
desired and actual velocities are zero. In this way, 
if the wheelchair gets stuck against a curb and the 
user tries to move back, the joystick passes through 
the center position and the error immediately be- 
comes equal to zero. 

CONCLUSIONS 

The purpose of this work was to develop and 
implement an adaptable digital controller for an 
electric wheelchair by modifying a theoretical self- 

adaptable controller. The hardware and software 
necessary for such a system was developed, installed 
in an electric wheelchair, ant\ tested "Tor i ts reqonse 
and control. 

The results showed that the system had an ex- 
ceptionally fast response time with near-optimal 
peh rmance  when adjusted correctly, yet the high 
speed of the response sometimes led to difficulty in 
maneuvering the wheelchair in an elegant and grace- 
ful manner. It was found that the mapping of the 
joystick space had a sizable effect on the response 
and control. Many different tactics were employed 
in the study of these effects, and it was decided that 
there is a lot of room for further study in this area. 
The issue of the sampling time was also addressed, 
and it was found that, for the particular coefficients 
of the control parameters used, a sampling time of 
close to 55 rnsec gave the most stable and effective 
control. 

The only major problem encountered with the 
control system in this work was the tendency of the 
integral state to amass extensive amounts of error. 
This problem was dealt with in a practical way 
which minimized the possibility of it ever affecting 
the control of the system. 
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