-

-la - reasons. For exanple, new EEC regul ations may require forklift trucks
of the k| nd generally known as "wal ki e" trucks, as well as sone snall
"ri‘de-on" trucks, to have a maxi mum speed of 6 ki lonetres per hour. Larger
fork lift trucks require their maxi mum speed to be reduced as the fork

hei ght or | cadwowse®ses, to meintain stability. Mxinum speRCVIBHIAAE9ar e
al so required on other vehicles, such as those used on railway platforns or
at airport termnals, where speed needs to be |i mted for passenger. safety.
Known systens for control of maxi num speed Lrs]u'ally operate by limting the
applied notor voltage to a preset maxi mum This has fhe di-sadvantage that, ™.
wi.th a series notor, m)tor eedfor ven vol t age decg es wth '

i ncreasing |oad, 'so that - 5@%@“"?%&)5‘5%%‘[' é o be
appropriate to the maxi rrum speed for an unl oaded vehicle, the maximm speed
of the vehicle under .load will be u@M&iMMhunt not or s

i nherently provide speed &qﬁgg ut are
not widely used as tractlgﬁigm) olrog #ﬁ cPsgve |clet:§Is)tr %%ﬁgg’h{cﬁ
require nore expe nprovxdemptmbﬁdkem aanatureanrremtk fceaonfrolmnepnmelysxated idinept
torque. There afge also i 1 abl e speed control -systens whi.ch enpl oy an

ext ernal tachondtef! B@y Ber- exanple with a sensor linked to a ground
wheel or -the transnissi OnTHéuﬁebEmWrSde@sofeontro!B@t&%ﬁ)b%dfmdependenﬂy

PCT/ 1 B97/ 10009 -2 - voltage which it supplies to the armature. A voltage
sensor sends rreasuF@éWU‘&B @%fmﬁmF@WFﬁ%SEWW‘EPW&@F&h’mtage
conparator for CO%M%QM&&l@H%&Eﬁ%M&S?Q%@@Jm% eﬁ@mﬁobmmthe

above-nentioned table. The differences are use usting the field

current setpoint aFeER Transsgions on Indpsigal Blestrpnigs, VobIE-34, No. 4, Novembpel 83+ que
loss caused by,@ flux | Oséa?{:;oﬁl‘éﬁt'v}iﬁtln%ucfogf&&%& Jrg:ﬁmé&ley@ﬁﬂow and

i ncreases the tlne required to respon a spee quest e conttol ler
of this invention theﬂnetarse'esuhyﬁmmhtgfaa thas thecfiel¥ fluxrempected drowos glagfﬁekhl ues

to det er m ne

current, as derived fronrthe motor equations employed is not alway’s as expected

_ The aetua] .ﬁeld_ flux will d_iﬁ'er due primarily to magnetic hysteresis in the field poles;

~ - - thus, while the theory may preti‘ict optimal motor perf'o?mance under given torque and_

. 15 " speed conditions, in realzty, the resultmg efﬁcxency is o'ﬁen less than expected or
 desired. - ' : - -

- o R o - &gg.a_xxofthelnventlo - i
N ' ' In the present mventlon, the effects of field pole hysteresis in a separately
_ exctted direct current motor ts removed by prowdmg a compensatmg field current '
20 control signal. _ ' '
In the preférred emhodtment of the invention, field and armature current -
- setpoints are establlshed in accordance thh tabulated values selected for prov:dmg a
reqmred torque and speed in an optimal fashron A table of correspondtng values of

armature voltage is also mamtamed The current ]evels for the field and armature _

.25 coils are set by feedback control B ' _ -
It is a feature of the mventxon that flux losses are detected indirectly by
' meesuriug the armature voltage. When the flux decreases, t_here is a reduction of
- : . - -back EMF acting on the armature. The armature current controller reacts

~ automatically to any reduction of back EMF by loW_ering a time-averaged driving
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an armature voltage reference point. Ar armature voltage sensor then
measures the average armature voltage and sends the neasured val ue back to
the mcroprocessor. 10 The microprocessor conpares the neasured armat ur.e
voltage with the reference point and multiplies the difference by a ~
vari abl e gai n @e#sbait 0 Obtain a correction term TFhe correcpComorewmss hen
is added to the field current setpoint-in order to boost.-flux as requiZed.
It is therefore an object of this invention to provide-an efficient control
15 system for a separately excited direct-zurrent notor by adjustingzthe
field flux intensity in response to deviations in ar mat ure voltage from. -
expected values. It is another object of this invention to provide an
appar at us for contvoRideiwiichdt shippiies to_ the armradre. nnt\mhageaensngseadssmmumd Eﬂyes of

excited fiel d coil and an armature coil. the a us co an l' nput
circuit for provi GFRRUE VPIaESte ayarsgiuEs uoltses g ‘E@P&%"a&é‘p‘?gﬂm‘g HS‘B % Sensi ng
the rotation of. t RgyEDheHeoft fead YUEFréth thChbive-Mentioh@ltabler Thedifferaiak are nised
response thereto; a control circuit for establishing se&arate fireld current

val ues and ar mtuﬁgmsﬁmeﬁédm%wﬂtdﬂdWYB?%B% gflve for a given
speed of the mytor, af!ohd Gighdlo ?Maﬂ%&ﬁ&@&bwﬁb@b

current to sai field co evgs cor espon ‘to'sald field current
val ues, and theretgpnemdatctqaahthegm&&eqwudmmmpmdbmgd teiquest.f Thel apntrelfer of

armature.coil drivegr.connected f IW% A %w e d
armature- coil at ‘@6815 ?3”'8%%’8"&%5%%{%(2 sald arna urgl'%%rrent vafgues such
that said armat UFQnQﬁhitmatvaagatréfeﬂemegmmﬂAharmudvolmgusm thormeasuresithe

reaction to - said flux field; the i verrent |S|n stabllshln L
expect ed armature WHPS%‘B’@%‘(?@QSQW"QE@S %lﬁ gt ual

speed val ues, AN Vietd&BproBaSdtcomphtes mse@auaeade&nitemtvbna@rvﬂmtué ﬁfefrélfce péifsi ng
an -armat ure voI tage val ue; an arnmature val tage WO 98/ 01941 '

PCT/ | B97/ 01009 -. Jod mwiipfiesthe differepse byarvapshle 3?@}‘ faptapto AbRaIn & FqrEsgtonerm, The
si gnal s—cor 1 es pondiyigedo th thé i Bided t@ﬁfe‘lﬁl@'&uﬁ@dtgetﬁélﬁ% dider i6YobstdRix ¥al ues

and sai d expected arnmature voltage values; and a field current-
adj ust ment - appar atra@mfeér adJ usti ng sai d flel d current values, -and thus

Ttis therefore an object of this invention to provide an efficient control
‘15 -system fora separately excited dxrect current motor by adjusting the field flux -
intensity in response to devmtlons in armature voltage from expected values.
It is another object of this invention to provide an apparatus for
controllmg a direct current motor having a separately excited field coil and an
armature coil, the apparatus comprising: an input circuit for provndmg a reqmred
20  speed value; a speed sensor for sensing the rotation of the motor and generatmg a
required torque signal in response thereto; a control circuit for establishing separate_
field current 'values'and armature current values based on-the torque' value fol' agiven
- speed of the motor; a field coil driver connected for delwermg field current to sald
ﬁeld coil at levels correspondmg to said field current values, and thereby estabhshmg
25 _a correspondmg flux field; an armature coil driver connected for _dellvenng armature
currents to said armature coil at levels _cerresponding to said armature current values |
such that said armature coil attempts to ge_nerate said required torque in reaction to - '
said flux field; the improvement comprising establishing expected armature voltage
| values in response to requlred to:que and actual speed values, an voltage sensor

—30  connected to the armature for sensing an armature voltage value an armature voltage
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the floux field, in correspondence with said armature voltage error signals
thereby to 5. obtain fromsaid notor the desired torque value. O her
obj%ects and advantages of the invention will be apparent fromthe foll owi ng
description, the acconpanying draw ngs and the appended cl ai ms. Brief -
Description of (WOl ngs Fig. 1 is a sinplified electrical BFHER708Yr am
showi ng t'he various 10 conponent s conprising the present "invention; . Fi g

2 is asinplified fl'ow chart showing the steps for creating the |ook-up . -
tables utilized'in the present invention; Fi g-33 is a flow.chart. showi ng
the steps for creati. ng | ook-up t abl es that m ni m ze conposite notor Iosses -
15 Fig. 4.is a chart showi ng the rel ationshi p between the . '
magnetic fiel d of tisempasaior fosgencratiag armaiss voltage arrorsgmals cofsesponding jo differences

t oget her corrprlse abgtWeEn e hnd¥aGndl g;,ggq,é
conponents conprising the pr%‘snénﬁ’lntg n‘Hon Descr?p.'lon 0 ?ﬁ%rgler’red

Enbodi nent 20 a field currbig fadjustiment-apparatus far Iaé?usﬁng\aiid Geld cament patues; andithus| y

to-Fig. 1, which is_a si ified electrical ock dlaramsho.vmn

present invention, rﬁ?‘@dﬂﬂ cparespghgep \"@Hs %ﬁeoeé'é’églg?ﬂ ergfydto
nmot or control ci 5cubbtaa@mm{¥m§,aeledths«aa§@atdrqﬁbﬁnﬁoder or tachoneter) 25
provi des an output on line 30 representjng the_ actual speed ([err %ﬂof t he

motor. 25 - ~ showPth§robiests 385 Phae wwention svilbbeappareat fgm the o c ks
which are actually neeid 86 e ﬁﬁg‘@,g{vﬁl Brded utines.
The maj or bl ocks or roﬁ |g(r?§§cn?nc‘{’ude&ghn?§2e corrpargtdgr%#ﬁanctlgrr?m%sg a set
of two-way | ook up tables 60, an armature voltage error function 70 and a
field current correction function 7%y

PCT/ 1 B97/ 01009 - 4- The speed conpar atof Pares a speed
conmand signal on - Fig. ltsaslmphf ied electnca] block diagram showmg the various

10 components comprising the present invention;
| - Fig. 2 isa snnplxﬁed flow chart showing the steps for creating the look-up
“tables utilized i in the present invention; '
Fig. 3 is a flow chart’ showzng the steps for creatmg look-up tables that .

_mmmnze composite motor losses; L
15 - - Fig.4isa chart showmg the relattonshxp between the magnetxc ﬁeld of the
motor and field excitation; and - ' . '
Figs. 5and 6 together compnse a more detailed elecmcal block diagram-

. showing the companents compnsmg the present invention. -

I_)egcgﬂlog of the Preferred Embodtmgn
20 Refemng now to the dravmngs and particularly to Fig. 1, whichisa
simplified electrical block d:agram showmg the present invention, a motor 10 is.
- o | controlled by-a microproeessot: 15and a motor centrol circuit 20. An speed sensor |
“(an encoder or t_stchometer)_25_ provides an outi)ut on line 30 representing the acttiel -
speed (w) of the motor. ' _ o '
25 . Shown within the mlcroprocessor 15 are several blocks which are actually
ﬁmcttons performed by computer algorithms or routines. The major | blocks or
routines include a speed comparator function 50, a set of two-way look up tables 60,

 an armature voltage-error function 70 and a field current correction function 75.
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line.35 to the actual notor speed signal on line 30 and in response thereto
provides a torque command signal 55 to the look up tables 60. Look-up table
62 contains a matrix of expected arnmature voltage, table 64 5 .contains a
matrix of field current instructions, and table 66 contains a matri x of
armat ure curregl.okiimhf Uctions. Based upon the actual speed amdTABIOLI06? que
command -si gnat 55, field current -Iferr] _.and armature current |[err]
setpoints are produced by the | ook- up tabl es 64 and 66 and. ‘applied to the
nmotor control circuit 20. The field current -getpoint may be adjusted by the
field current correction function 75, as will be 10 explained. - A

vol tage signal on line 45 fromthe nntor's armature, fromwhich flux |evel

is-derived, is fed back tphddagedtofii mf@ﬁﬁﬁﬁmsm&mpandappnedmmamdﬁignﬂlqme
vol tage error function 70, e fie rrent oi Nt [ corr ed
in the ni croprocesWr”bSM’c‘W‘Bb{“ﬁl?stFFHFm% “’t@cﬂ" 'B’f ﬁJ‘P e&%e
vol tage V[err] errﬁgJ A 5%lmobkg§table@5@ conmbi ned in bI ock 75
the field current qu lrﬁ? correctlon function: If the armature oIta

line 45 is not what is exb@twablbégé%hﬂﬁémﬁﬁfﬁf@é“&%mw '@ﬁ%l‘ and

actual speed. of the r 5@,&@%@% oh@ind amtrpestt 1 [err]
correction si gn gﬂs oéﬁ)p @Hslﬁllsu?{%’rsa%oost the fi eI d current
signal on.line 42 hmammmestsmﬁdnsciﬂesﬁdupgnﬁlelaﬁgallspeedmd)thﬂmuewmmd

Th t | ]
The moror frela pongt 5% 388 citres LAy P e FREE bepoind ltForkBed Wihe o) © 1
table 62 is cal cula;sedrebeesdsmnahﬂ:hednemeadtdrlcmtrdrmmnmaﬁeldmml fl ux

characteristics of the particylar vvhchlsr ese din.,Fig. 4 as
the solid |ine. TheetRaintgmay bp pdjusted by %E%P‘HTW‘?’}'“B Wh F%r ent,
due to hystere?bs ebhitedP’ €sented by the dotted 25 I|ne It |s this .
difference in fiux that will be corrected by adj usting or boosti|

field current. Wthin theArsitage sigpakandine 4 ﬁ'@mtbe?et°éFM‘5§éEPWB’ h%t rol -
circuits for maintgl '1.@&!198; ﬂé&ﬁacﬁﬁd‘%%&oﬁ’amqsfdﬁl grtichlary 95 thedboltigee

desired val ues, nanely, armature current I[err control circuit 80 and
field current 1 [ereqrordbmupmﬂoc'l‘hecﬁnldcl@@ntsﬁmm is cogrgetgd,inghg micraprogesser by

cireuits are Conneﬁ;t %gxtptut)oftlggk & gﬁfe%ﬁ%n&h@%dtdr@b@lt&ew efrSERARICAO, whlch—
) | _ _ 15 are combmed in block 75, the field current 1; correction function. If the armature
-_. S - vcltage on line 45 is not what is expected based on the torque eommand signal 55
| | . dnd actual speed of the motor represented on line 30, then field eurrent I, correction
signal from block 75 will adjust or boost the field current sngnal on line 42 by an

~ amount suﬂicrent to bring it into line.

20 The reason armature voltage will not be as expected is due to hysteresxs in
the motor field poles, as illustrated by th 4. The armature voltage in table 62 is
- calculated based on the expected flux hased on the nommal flux characteristics of the -
partmular motor whteh is represented in Fig. 4 as the solld line. The actual flux of
o | the motor will be somewhat dxﬁ'erent due to hysteresis, as repreeented by the dotted
25 line. It is this drﬁ‘erence i ﬂux that will be corrected by adjustmg or boostmg the
 field current. _ .
Within the motor control circuit 20 are closed loop control circuits for
-  maintaining both the armature and the field current at the desn'ed values, namely,
| armature current L, control circuit 80 and field current I, control circuit 82. The -

30 outputs from these circiits are connected to the armature A and field F of the motor
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WD 98/°01941

PCT/ 1 B97/ 01009 -5- 10. These circuits receive feed back inputs from current
serfsors—associated with the notor. The values stored in the | ook-up tables
60 are determ ned by the process represented in Figs. 2 and 3. ‘Depending
upon the parti 0@ %01%e of the notor, one 5 may chose eithePCHBIHIAPN ze
nmotor | esses or to nminimze armature currents. Thus, in Frg. 2, block 100
represents the first choice, selecti ng the desired optim zation routine;
bl'ock 1%X0 represents the routine to mni mze5eorrpOS|te not or | osses; bt ock
125 represents the routine to minim-ze armature current |osses, and bl ock
130. represents the tables I[err], I[err], "and V[err] that are. corrplled for
control ling the nolQ;rTw:mtsmeqmeefg@rhaeldeWSﬁbg current senspes associated Withtheo s
60. Fig. 3 represepts the routine 110 for minim zi ng conposite notor
Iosses The first s ep (block 111) is to specify nodel paraneter files for
the desi red notor confi guThd values stéied nsﬂ\edtmtt-lmttdﬂes &OIamdetétmﬁmdby;theano;pscl fy

battery power constraint nimum, a Xi and _maxi num -
t orque and | ook: up’?’&ﬁ?nee%s?gl’és zﬁm‘ %ﬁ’@‘gﬁ@ft"p% Pl{]&fwsiggﬁj?e 9‘frbm?peci fy
control I er har dyar gayféHoke&ither to Mikifnizd MbtSrAGY c¥itd ﬁ&nﬁizghﬁr&turé\%en(sb ITRGK in

114), determne limts on field current range based on power envel ope and

mot or par anet ers. ¥ig % blogk 190 spresegts the first chpice, selepting the desired qptimization o | ).
range of speed andohifelbiocis Ploteirededts tﬁtﬁ%ﬁﬁﬂé‘tﬂ&&:‘n&eE{aﬂﬁ&%ﬂék&ortl&ﬁ‘esf&l@ékd

excitation current W|tF1|n t he gl ven - range whi results 1n mnimum
conmposi te notor | oEX¥aspresnts thpg‘pngeao mrmmm-magxre cureent lopses, and bloek 130

oAt o v 3 SBefefihe bt £, s ! Bld MR okt Sphad 1" |

matrices (block 11 roceds®rs then repe each-
el ement (i, j)14 n fepreseneed|ireEig. Fasrtbéteypfnaueséaabl es are conpiled (block 130)

and stored. Thus, Lhe 1ol kgnt pord BTk e I Sl ok e R ©
Vierr] (iferr]), Mfﬂefﬂrst%feial(ﬂbﬂﬂm) Elﬁst(eb{f)eﬂhbtle) pararﬂeteﬁﬁes fofihedesired motor -
Fems ar o used. - A cougeHon ghe SERREER Hgcl Haiilp Pl PiRpoEy coEe
enpl oyed, " i f desi rfigimuadd maxinflh besd, inRaikhuinAihd ARnflR Bl Hﬁd maaupiabiel swed
eXC|tat|onthat results in - . _
15. The next step (block 113) is to specify controller hardware current limits and :
. - commutation limits. Next (block 114_), determine limits on field current range based |
| on power envelope and motor parameters. “In block 115, for (i,,,,'., Jonin) to (1,,,,, imed
range of speed and torque setpoints, determine (m block'1 17) the field excitation _
current thhm the given range which results in minimum composite motor losses
20 using a minimizing function routine. Commutatxon voltage is calculated in block 118
. and this data is put into matrices (block 119). The process is then repeated (block
120) for each element (i;_ §) in the tables. 'Fi.n—aliy,' the tables are compiled (block 1-30)
* and stored. Thus, the fonewiﬁg items are calculated and stored: Amiaturelcurfeht iy
- (i), Field current I, (,j), Armature voltage V, (i), Motor efficiency EFF (ij), and
25  Commutation Vpltege CorﬁVclts{iJ). In the p-resent invention, only the first three )
= | . " items are used. o | } o
A rou_tine for xhinimizing armature curreats may also be employed, if
desired. Such a routine requires the det'emiination of field excitation that results in -
minimum armature currents for each pair of speed and torque setpomts Of course,

30  other motor charactensucs could be chosen for optmnzatxon if desired. C-
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mnimum armature currents for each pair of speed and torque setpoints. O
course, 30 other mptor characteristics could be chosen for optim zation,

i f¢desired. - WD 98/01941- -

PCT/ 1 B97/:01009 - 6 - Table -is an: exarrple of a1ook-up table giving the
desired _ar mat ug, ,g | Lerr] for various values of torquepérsgiziofiodt S
(left vertrcal co f and actual- speed (top row). Simlarly, Table 2 is an
exanpl e -of a .| ook- up table Tor desired field current I[err] at specified
torques and speeds. Table Zis an exanpl e of_g@ | ook-up table 5 that

provi des expected armature voLtages V[err]-at t hose “speci fied torques and
speeds. The torque value T in newton-nmeters is provided by the speed
compar at or function 50 of g g ‘J‘"%q val ue
I.s provided by the encoderaﬁgglmgﬁ ‘fi‘gsgﬁs@{é%?’?t‘%}‘ h?géesggdn &ﬁéjl s to
be under st ood -t hat curtest L&Iwﬂouwdumfyomaﬁpete@ntlﬂaﬁvmeal bmlnmtl)eﬁdldwuel smal |
range of speeds. In t refer

torque values in e¥ER ﬁglgfogv)ar éﬁfiﬁ%grakﬁ\%’ggﬁ%ﬁgle%}%@e n eeg}ggsﬁ}ﬁdeﬁgse d
range fromO0 to 40&rf&di,ambdﬂﬁauﬂnesTMSﬁeeﬂabr¢EMm exainglesf b took-up taltle

notor configurajio nsrncethe are rated. . W,th refe enc to
such-factors that Eﬁ’rﬂ}i‘g“&%{’ é?de‘“ﬂfﬂ“el ngﬁg?%ép%c}ﬂfg torgyss “ speed
of the motor and internal Tﬂptoﬁruelveﬁsqsﬂne%wamtdaﬁsaﬁvrde@wm&hmdeamwaor
table is limted, interpolation is used to determ ne values of |[err

I[err] and V, for funetianAQf theanissoprogesserol 5 a9d iarcactyal spead vais i provided by

Armat ure Current Téég@&(is Sgeed%gwen in rad%gslsecond 19 ﬁ to be unhln%to%ﬁ that the mbles
80 529

60 467 4@8 only exargplep that are lmwdso)a small ramf speeds. 394he preferrGQS
20940 3 }@ embo%ixgem of thxsmnuon the :h;raue values in each table are in 5 newton-meter

increments and the speed range from O to 400 radians/second.

284 -

- : These tables are umque to a given motor’ cqnﬁgura_txon or design since
.they are generhted with reference to such factors that include but ere'not limited to
the size, torque and speed of the motor and internal motor losses. Since the
- 15 resolution of the table is limited, interpolation is used to detcmune values of l,, I, and
OV, for intermediate speed and torque values '

- Tabler1 . . — -

1. - Armature Current
lspeed ] 64 | 80 [ 96 | 112
20 | g0 | 520 | 479 | 305 | 200 § 3
oo o | oso9 | oame o aes -2844} T
: o { so | 467 | a8 | 305 {2 |
- - N ENENEEDY
- “ s ) 38 | 319 | 320 | 172 §
25 T8 30 | oza3 | 245 | 246 | 135 |
- E 20 | 167 | 10 | 1 ] o6
_ B RERT QY o5 | 96 60 ‘
k 0 20 | 21 2 | 2 |
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25 - - 30 243 245 246 135 20 - 167

170 171 96 10- 94 95 96 60 0 - 20
21°¢ 22 23 WD 98/ 01941 - - B
PCT/1B97/01009 -7- Table 2 I[err] - Field Current TfSpeed 64 80~ -
96 112 80.wo9sm188.3  29.0.. 29.1  26.6 5 : PCT/IBI7/0100%)
28.73 29.0 - 29.1 29.1 60 29. 4 29.5 -.29.1  28.6 50 °
28. 9 29.0 29.1 29.7 40. - - 29.1 . 29.2  29.3 28.9 30
29.-6 28. 4 28.5 . 28.010 = -7- 20 28. 4 28.5
28.7 26.6 10 ° 28.6 29.1. "29.7 26.90 . 7.0 6.3
5.8 ‘5.4 WO 98/01941 . : ’ o .
PCT/ 1 B97/ 01009 -8- Table 3 V[err] - Armaturé&abe?tage T/ Speed 64 - 80
96 112 80" 15.8 17. 5 18, % - FieldQurren e '
70 . E 15 8 17.5 18..5 T/Sh N [RY 80 - 9 12
g0 |l 283 | 290 | 201 | 266
5 70 | 283 | 290 | 291 29.1
m | 60 | 204 | 205 | 201 | 286
50 | 289 29.0 291 | 297
40 | 201 | 292 | 293 28.9
30 206 | 284 | 285 | 280 ﬁ
o 20 § 284 | 285 | 287 | 266 ﬂ
o 10 286 | 290 | 297 | 269 |
0 -f 70 6.3 i§1===ii=J |
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60 . 15.2 17.4 18. 8 19.2 50 - 14.5 16.6 18. 8

18.8 40 13.7 - 15.8 18.0 18.2 30 12.8 14.9 17.1
1776 10 ' : 20 118 . 13.9 16.1 16.8 10— -~
10.6 12.7 14. 9. 16.8 0 ' 6.0 6.9 7.8 8.6 -

Reference is neyeapids to the nore conplete block diagram of tphemenetnbEon
contained in Figs. 5 and 6. The speed command signal 35 (s) and the actual

T | e

ded h\/ ’r‘llnr ann

15 speed signal 30 ([err]) are applied to the speed eonparator function
to command a torque hi gh enough for rapid response to a speed error.but | ow
by integrating the speed er . Yt put of
out puts of anplifiers 52 an ng' a torque
\
WO 98/ 01941 .
armature vol tage Vferr] -errgr f3Onctf] ob2.80 |i nms'udqis 1d.lcoppHr.ét pr function 72

50 'in the mcroprocessor 15, and specificallg.to a conparator 51, t he =

out put of which is applied to anplifier function 52 which has a_gain Kp set
enough to avoid stability problens.. Thus, ‘e out put of anplifier 52 is Tp
Kp(s-[err]). 20 ; Pr.opo_rtlo Al -.,-. control i's. achi eved
anplifier 52. This is done T/ egrat es the
out put of conparator 51. Thgs, 'bts- E‘Phjt r])dt The
setpoint signals T = Ti + Tpjlon7bi ng 59582 17.5 18.8 Thpgf-ﬁ bl i fier
function 52 provides the i ngtt onseto—amewspeecommnd. - The
response fromthe integratoff 530buifj di5-2p |s| iy |ad88prpdBh? nfites as the
speed error is driven to zefo. sEhe ?ggy st&tg (Utl.gl{[ _rmt_ e integrator
PCT/ 1 B97/ 01009 9 - produces|toggue [seipoi rit Mag uds 18P ppid At for handl i ng
a steady state | oad with noj ' -4 ator 51. The.
that recei ved % Si gnal repr senzol n l.bﬁ.%ery I\/309|tdgel6c%n |1r16¢?8 7k and a si gnal o

o o ﬂ 10 ﬂ 106 | 127 -| 149 16.8
_ o Lo 1 eo | 6o | 78| 86 |

o = B _ Refe—r_em':e is now made to the more -cofnulete“bIOck diagram of the
invention contained in Figs.' 5 and 6. The speed command signal 35 (s) and the actual
15 speed sig'naj 30 (w) are app!ied to the speed comparator function 50 inthe _ '
rniéroprocessor 15, and specifically to a comparat;r S-l", t_he'qutput of which is applied
to amplifier. function 52 which has a gain Kp set to command atorque high euough' _
for rapid responée to a speed error but low enough to avoid stability problems. Thus,
- - the output of amplifier 52 is Tp = Kp(s-w). - : |
- 20 - Proportional plus mtegral control is achieved by integrating the speed
~ error and adding the result to the output of amphﬁer 52. This is done by amphﬁer
B ﬂmctlon 53, which mtegrates the output of comparator 51 Thus its output isTi= - .-
- Kif (s-w)dt. The outputs of amplifiers 52 and 53 are added by functlon 54, gwmg a -
.' torque setpoint sxgnal T =Ti + Tp on line 55. . _
: 25 The amplifier function 52 provndes the initial response to a new speed -
command. The response from the i mtegrator 53 builds up slowly and predominates as -

the speed error is driven to zero. The steady state output from the integrator
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5 representing the voltage V[err] fromthe | ow voltage side of armature A

on line 45 Both lines 45 and 71 include analog to digital, or A-D
converter circuits,- 92 and 93. The output V[err] of conparator function 72
is conpared with the out put V[err]' reference. froml.ook-up table 62. If the
vol tage oufput -wiopsstsay[err] of conparator 72 is |ess than wha@crisymaed -
fromby the | ook-up table, then an output is generated and applied 10 to
anplifier 74 (along with the speed signal [err]). The output of anplifier
74 is added to the I[err] setpoint signal on +9ne 42a in adder. function 76
to producée a boosted I[err]. setpoint-on line 42. The back EMF E of a
notoris defined as E = Kx Bx S, where Kis a mot or design constant,- B is
the flux in the ai rpg:dpceetorqtm;etmmovaluqmp@pn@e foin daridling:a $tendastaaes’,oads\p@eap of

the armature. Differ h respect to I[err] yields dE
= K-x dB/dli[err] x ?ﬁw%ﬁ%ﬁ%{&%arrangl nglN% e equation for dl[err] yields
diferr] = (d&/S) x (dlI [err]rhd%ﬁ)ureWhaQe&’pm@ncﬁhﬂ%flincludasia@nmpxatorﬁmcﬁon

i npl emrented in the d Boost. Gain term.G,n the, foll form [flerr] =
Verr]-x Cerr] x [%ﬁ”é’fff’%"%& n@gyage?(yolmgmg?xgefﬂ Rtk ude of -

I f[err] requiredsf Ofepresatitii@ Ehe%ﬁig"e]v 1) ithel [6wSBRdgelside b,ema«xeémhuine 45.
proportional to the_actual speed t he notaor. 8%'%\ IS a_constant which

i ncl udes not or cons?&thRS45s%’§I7]H§’h’é’6r‘P’é?ﬁ‘i°(ﬂ’%w CRBYSTIR-AIrcuitRe P2 704 Pt

for diferr]/dB, which in r?ﬁéb&tyuﬂ\ﬁ oraam&&izsrﬂx&fontvmca Pi@&hﬁﬂﬂfﬁﬂﬂﬁtv—rhe
Vari able Gain Paraneter is used for -tuning of the boost fTeature

The armature curren&fqéegﬁﬁm]lmmll’fdﬂ@)é@ el thei voltagecotnub signal Veofrcpmpanates 7Ais less -
val ues 40 and 42 ar v 82
(i a6 after bel ni URaiE (ki) e 1060, BBl il kit o i i) B
converters 83 aid 8tbaniihﬁert14c(alongw’thithe\spcedmgndm)t iheunpumbﬁamﬂrﬁeemlsdddcdvery

o' an arrangenent o BEeRobReRL & PR35 Hlko $0ichch AR bRt R 115,

of current froma bstpoint\on Bifle 47 the field and armature coils F and A, =~ WO
|?>8C{|'—?|lgg]7-/ 01009 - 10_ ThebackEMFEofamotonsdeﬁnedasE KxB x §, whereKisa

- motor design constant, B is the ﬂux in the air gap of the motor, and S is the rotational ;
15 speed of the armaturé; D!ﬁ‘erentlatmg the equation with respect to. I, yields
B . - dE=K x dB/AMI* S xdl,
_ Rcarrangmg the equatlon for dl; yields dl; = (dF.IS) (dI/dB/K). In practice, thxs
- B - : equanon is implemented in the Field Boost Gam term G in the following form: —
|  Wemten ™ Vaias ¥ C, % [Varisble Gain Parameter}/S-
20  where the magnitude of If@,,,, required for a gsven V, error is seen to be mversely
propomonal to the actual speed S of the motor.
’ _ : - C1 isa constant which mcludes motor constant K, scaling correcuons, and
a nominal coefﬁclent for dI,/ dB, whxch in reahty is vanable over the opmtmg range.
_ e o ~ The Variable Gain Parameter is used for tuning of the boost feature. : -
=2 The armature current I, and boosted field current I, setpoint vaiues 40 and —
| 42 are applied to closed-loop coil driver cnrcmts 80 and 82 (Fig. 6) after being
converted to analog form by a digital-to-analog converters 83 and 84. The two coil
driver circuits include ¢urrer.|t'delivery circuits including a bridge logic arrangement
which apply switéhing. signals to an arrangement of MOSFET devices that separately
30 regulate-thé flow of 'curreﬁt from a baftery 90 to the ﬂeid and armature coils F and A
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respectively. Each driver circuit (80, 82) includes a current sensor (96,
97) which generates a feedback signal (l[err] feedback 93 and I[err]

f eedback 94) proportional to the respective neasured current. These
feedback signals are applied to a pair of conparators 85, 86 for conparison
W th correspogwggﬂwget poi nt values. The 5 conparators thepqgapdhids an
armature current error signal and a field current error .signal. A pair. of
anplifiers 87, 88 nultiply the field current error-signal and the armature
current error signal by gain factor Klerr].gnd Klerr] respectively. These
circuits cause a pair of pulse w dth nodul ated (PW) drives to supply -
battery current to the 10 notor coils i.n pul ses of constant anplitude

(whi ch varies as gedetiVely Hachdrivertifcit(86; B2} iclides @ Rarr&R benddt {08, /o7y usieEY and
with duty cycles corresponding to the respective setpoint values. This

effectively sets smeramef F@M(‘eﬂﬂf@ﬁk 9% and It fredbacle94) eopartionalip thec ur r ent

so as to devel op k& IJ?;&:HE

appreci ated that t e ar rrature vol agﬁé@ér\dgpre ent {T%ﬁwﬁl neb%ggp 45 wi | |

refl ect flux | osswmpatators 8%86 fwasmpmnmhmememmctpomsvmesf Teed fl ux,

D o e, 90 oo e BB A e SR AP, o

so the armature diignder generates |ess average voI tage to supply the demand

for armature current. refore ention, acgtu mature -

vol tage is conpared to aﬁ@é‘éf’g%@hﬁﬁmwéﬁﬁﬁm’ l\F(ﬁn grent errr §$‘§PEFF"?B? que

and speed and is #ﬁﬁﬂré&ﬂﬁ#ﬁsx&ﬂbﬁ?ﬂﬁﬁdor CréspefiivelyY ThesR cirbui@chi eve
or

the desired actual torque | e the m_of arat us here| n descri bed :

constitutes a pr #BWW@?BB’G?WH&mﬁ“W?ﬂ@W)/mWPPW pLiery gprysat to the
under st ood thay tRgo} BAETH fbids bfcoRthnt akr 1&139(mchtdahésa§am§€n bt state

appar atus-and that changes may be nmade therein w thou departing from
the scope of the dfitherge)iaod frequencstand svithelutyycles wrtmndlpgmmemsmcam “\What

::SCT/C: glgg? g 168 9 - %Qm? @419&9‘1%3 effectively sets the average field current and the average

L - ' . armature current so as to develop the desired torque in the armature.

. _ It should be appreclated that the armature voltage as represented online -

15 45 will reflect flux losses. If there has been an unexpe—'ctedToss of field flux, the o

- | _ torque generated by the motor will dee_reaee. There will also be a concomitant

o deCrease in the back EMF opposing the armature current driver, so the'annature
_driver generates less average voltage to supply the demand for armature current.
Therefore, in the present invention, actual armature voltage is compared 10 a desired

20  armature voltage ata g:ven torque and speed and is used to ad_]ust the nominal field
current value to achleve the desu'ed actual torque. _ - -
- While the form of apparatus herein described constitutes a preferred
embodlment of this invention, it is to be understood that the invention is not hnnted to

~ this precise form of apparatus and that changes may be made therein w:thout '
25 deparnng from the scope of the invention, which is defined in the appended claims.

What is claimed i is:
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1. ) Apparatus for separately exciting afie ture'
coi] of a direct current notor conprising: (a) a LE" Ilﬂmrlmarent
val ues stored i'n a digital nmenory at addresses Whl c emnaceessed by

conmbi ned torgue val ues and speed-val ues; 5 (b) a matrix of
armature cur£emvowsmess stored in sai d d| gltal menory at . addresiymmhns:h

may be accessed by said torque values and said speed val ues, said armature .

current values being related to said field current values in such-a way
that said torque values and said speed val uedlwi || .access opti nal

combi pations_of field current and armature current capable. of producing

t or ques correspondl ng to said 10 addresses while said notor. rotates at
speed associ ated tHerew t hﬁppén)uséowatplymcrﬁéﬁir@gmmf@re adeérat i ng

said addresses in Iy nal s and speed error signals and
downl oadi ng said f|é%§%%%%¥éhF§ ﬁg nd said armature current val ues; (d)

a field coil driver conne((a)adnitnx oﬂﬁldmehnqldesabribdmmgﬂlmenmyaahﬁréssesl d1

5 . coil at levels res nd| o sai.d field current values, and thereby
est abl i shing a corr"@%‘%‘ ned trgue, MMY?&‘F driver
connected for delivering qﬁmhuﬁfowﬁm?é@ne@tmwstmw&@m&.ezaéxylaevel S
corr espondi ng to said armature current values, so that said armature coil

generat es sai d t or @ddresseswhighmay bepceessed by gaid fQrquer yaluesiand paid spged valyesa paid; o ¢
20 speeds; (f) a aﬁﬂﬁ:ﬁg carréht QBu&%@i‘ﬂEFdiﬁéh &%&d%@ﬂ%ﬂ&tbﬁﬂeﬂ?ﬁﬁ:ﬂ aQay'tieat i on

of the armature coil and generating Sal gnals I'n response t ereto;

and (g) an input cnsmémrquec\@lmemdé@ ﬁmedwebeq Wlil ngcemmalr@n@mm offigdal s
and generating sai I S
e e
The appar at us aﬂcoadﬂresgest\du@sad mo!pr\meteempedlaﬂsohwﬂahmrth driver conprises
field current delivery ci r(@wt Isoponsr ve 84% d cuarurent er.ror signals
for delivering said field FPERPLTE° spé‘i’%a‘f’ﬁn rgeﬂe{ n%sallq SEFS¥E M ent )
sensor for sensingrapome to spleéll signals and aaeedwdngeigﬁﬂaindr@winoe&dg Saitf fidd burrent - —
Feedback signal s o Qa0 Mhatune turrent valiss |
_ (d} a field-coil dnver connected for dehvermg field currents to said field
-15  coil at levels correspondmg to said field current values, and thereby &stabhslnng a
 _cormresponding flux field; o - B
(€) an armature coil driver tonnectéd for delivering armature currents to
_said armature coil at levels corresponding to said armature current values, so that said
_ armature coil generates said torques in reaction to said flux field and rotates at said
20  speeds; _ : o _
_ Da speed sénsof connected for sensing the speed of rotation of the
armature coil and generatmg said speed slgnals in response thereto and

_ generatmg said speed error. slgnals in accordance with differences between said speed -
25 reference signals and said speed mgnals.— ' ) )
- 2. Theapparatus according to Claim 1 wherein said field coil driver -
" comprises field current delivery circuit responsive to field current error signals for
delivering said field currents to said field coil, a field current sensor for sensing said

 field currents and generating field current feedback signals corresponding thefeto, and

- " SUBSTITUTE SHEET (RULE 26)

(g) an mput circuit connected for 1 recmvmg  speed reference sxgnals and . | -



\Ié\gT??{Bg%?giOOQ 12 - 5 a field current conpar H!H“l"ll““")"ﬂﬂ“l"g said field
an

current values with said field current feedback s¢gnal ot generating said
field current error signals iR correspondence with di fferences
therebetmeenxwﬁmmnul - Apparatus according to Caim2 wher
armature coil driver conprises armature current delivery means responsive
to armature.current error S|gnals for delivering said armature currents to
said armature coil, an armatuke current sengar for sensing said armature
-currents and'generating armat dre current .feedback 5  -signals corresponding
thereto, .and an armature currént conparator for conparing said arnmature
current val ues Wiatfigldcireht Rbipirator fo? Gompiting e GBI elirrent GiladsvitdidgRiger at i ng

said armature current er %P?nal s in porrgﬁpondence wi th differences
t her ebet ween, 4, current & 'Nﬁ%é‘ﬁ 1 And genesatie fajd figld eporent ersor signalsd®  conpri si ng
an vol tage sensolosapafich@vilitifitnces iRBlebdtiedr0’ S€Nsing an the armature

vol.tage value;, a matrix of expected armature voltage val ues stored in sai d
dirgital nenory 5 at addresses whi-ch may -be accessed by said torque val ues

~and sai d speed val ues rating
“armature vol tagegerror Si ﬁgs%ﬁlagpongﬁn%g@&é%?mﬁge%ﬁb Mieen sai d
armat ure vol tagecmbmsama&mwmedwwyﬂréammbmwdxﬁmgecmﬁwasw and

field current ad neans f,0 ust| sai d fiel d urrent’ values in
10 . correspondejﬁ'&&{\l‘%fhd'gﬁr'%sgpm% g ﬁr grmature, ggrrent

98/.01941 - sensor for sensing said armature currents and generatmg armature curreftfeddBicl/ O 1009
-13- 5. - An apparatus for controlling a direct current notor having a
separately exi t SENHS COFFSROBAING theteto, and: A Saae cusent COFIRTHOI FOF-AOPRIPG

.C Q_rfp_r I sing: said armature current values with said armature current feedback signals and -

' generating said armature current error signals in correspondence with differences
_ - -therebetween. A '
4. Apparatus according to Claim 3 further comprising

- ~ an voltage sensor connected to the armature for sensing-an the armature

voltage value; : —

a matrix of expected armature voltage values stored in sald dxgltal memory
- 5 at addresses which may be accessed by said torque values and said speed values, -

|

an armature voltage comparator for generatmg armature voltage error .
signals corresponding to dxfferences between said armature voltage values and s:ud
expected armature voltage values and '

- field current adjustment means for adjustlng sald field current values in

10_ correspondence with smd armature voltage error signals.
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an input circuit for providing a desrred nmot or peed sensor
for sensing the rotation of said notor, 5 Jmmmﬂ"lmaml mfcr rcwt for
establ i shing separate field current val ues ‘and «ar rat ur em Cus r en

based on the torque signal for a gi ven speed of the vmotor; a freld corl -
driver connect edvdewoighel i vering field current to said fi eI d cOordT/Re7/01009¢| S
correspondi.ng to said field current values, and thereby establishing a
correspondi-ng flux field; 10 L= an armature coil driver. connected
for ~delivering armature current s to.said arnatldre coil at levels
corresponding to said armature current “val ues such that said armature coil
attenpts to. generate said desired torque in reaction to said flux field;
the inprovenent conprising M@pmmsfortmqﬂmdireﬁgumpmgdmammsw y

vol t age val ues for M?LH% § . Speed, a
vol t.age sensor conngeg%geglﬁ?@%%gndaaflna ure ?{l)’rswa E@Eng@an arnat ure vol t age
val ue; an armature voltage mmvpaemmforfpmwmdesmhgotarsmedwmevol tage error

signals corresponding to dlfferences betmee ar ure vol tage val ues
and said 20 expected ar net*BY SHP g’é&’ %‘E’?M‘H current

adj ust nent appar gt us f.or adrdéﬁrmrraﬂmﬁtarbplestabnmg@uwaaﬁewatmsvnmdnamtdrae
flux field, in correspondence with said armature voltage error signals

thereby to obtajn fcamensyaluesascdonthetorgue sigaad for 3,ixea spegd gEthe motor,
Apparatus of clai m5 wher eiyfeRiiofl dﬂ&%ﬂeﬁé@fmﬁﬂ%ﬂﬁ@dm@ﬁd%ﬁ%ﬂﬁﬁ

vol tage val ues for any given value of torque and notor speed Includes a
matrix of expected deveiacenresponsingag saidfieldcurrent valuss, and therehy gitablishingaor y at

addresses Whl ch nay pe gg ﬁﬁsfﬁﬂ said torque values and said speed
val ues.. CB i ﬁQM
10 an armature co:l driver connected for delivering armature currents to said

* armature coil at levels _eorrespondmg to said armature current values such that said
armature coil. attempts to_generate seid desired torque in.reaction to said flux field; = -
- | * the improvement compnsmg ' |
' - a circuit for providing expected armature voltage values for any ngen
15 -'value of torque and motor speed, : - ' )
a voltage sensor connected to the armature for sensnr_ng an armature
| voltage value _ - _
. an armature voltage comparator for generatmg armature voltage error
. sxgnals correspondmg to dzﬂ‘erences between sald armature voltage values and said
20  expected armature voltage values;and
a field current adjustment apparatus for adjusting said f eld current 'values,
and thus the flux field, in correspondence with sald armature voltage error sxgnals -

- thereby to obtam from sard motor the deslred torque value.

6. Apparatus of claim 5 wherein said eircuit for pr'oviding expected armature
voltage values for any given value of torque and motor speed includes

~a matrix of expected arn'ngt_ure voltage values stored in a digital memory at

addresses which may be accessed by said torque values and said speed values.
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