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MATRI X | NTERPOLATI ON Thi s invention relates to a method of |nter§6?aﬁ@ﬂﬁ’|n
a natrix. The invention is particularly, though not 5
excl usively, concerned with interpolating between stored values in a nenory
matrix, for exanple, for a controller for an electrical machine. A
rel#ctance machine is a formof electrical machine, 10 consi sting of
two main parts: the stator, which has salient poles with coils around
them which typically carry unidirectional current; and the rotor, which has

salient poles but no wi ndings or pernmanent nagnets. 15 The conbi ned
control and power swtching electronics, and the reluctance machine are
comonly referred to as a switched rel uct ance (SR) drive system The

power electronics typically consist of two switches and two di odes per

phase supplied froma DC source OE%%R&ﬁciéiéﬁﬁbﬁ%%ION AC suppl y. The
switching of these devices has to be syncnhroni ze 0 the position of the
rotor for the machine to operate correctly. To achieve this, a position

sensor, usually hmajswgnaeﬂaybﬂgr@ﬁrttesmunaaﬁbmd e &atafpehaiioxoflrt ke SR
machi ne, i s used tqﬂggnerat an r ot or naI whi ch

1nv uélo 1 artl 14% Sltleﬂo
is fed back to tH& control fcton cs°t o ﬁroa dcet The f|r|ng 5|% al'S% or
t he power devicessxclugiyedy . deentdmpddwithi prterpufatiing betvesrdstatagt ance
machine and its cxmtlréﬁ leqnq ﬂemsfy ARGUKONESS &Rl ,f guRdai Bondh®ller

Characteristics, 1 lications of Switched Reluctance
Mot ors and Exlves tgﬁﬁ§ﬁ§8ﬁ "8ke, presented at the PCIM" 93
Conf erence and Exh|b|t|on at Nurnberg Ger many, June 21-

A reluctance machine is a form of electrical machine,
10 consisting of two main parts: the stator, which has
galient poles with coils around them which typically
carry unidirectional current; and the rotor, which has

salient poles but no windings or permanent magnets.

15 The combined control and power switching electronics, and
the reluctance machine are commonly referred to as a
switched reluctance (SR) drive system. The power
electronics typically consist of two switches and two

diodes per phase supplied from a DC source or a rectified

20 AC supply. The switching of these devices has to be
synchronized to the position of the rotor for the machine
to operate correctly. To achieve this, a position

sensor, usually having a moving part mounted on the rotor .
shaft of the SR machine, is used to generate an angular
25 rotor position signal which is fed back to the control
electronics to produce the firing signals for the power
devices. A more detailed descriptién of the switched
reluctance machine and its control and power electronics
can be found in "The Characteristics, Design and
30 Applicatibns of Switched Reluctance Motors and Drives" by
Stephenson and Blake, presented at the PCIM ’'93

Conference and Exhibition at Nurnberg, Germany, June 21-
24, 1993.



24, 1993. 2 Increasingly, in |lowcost, high-volune

applications, the

cont¥ol electronics are based around an application specific I nt egrated
circuit (ASI O which has a mcroprocessor enbedded in it. 5 The
control |aw according to which the SR machine is operated will interpret a
specific torque demand on the machine to maintain the required machine
output. Typically, the controller inputs are the torque denmand, 10 or

possi bly a speed dermand in a cl osed-1oop speed control

system and the

actual machi ne speed derived fromthe r ot Gr position signal. I n response,

the controller provides one of a selection of control

paraneters as outputs

for controlling frl&e'ggg%!ﬂ?f rln -Enﬁv-Q:B EUt ﬁ%: mmngxme 8p§9%icyn£n t

conmand, an OFF conman

conmman
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with the cont rolsﬁamzﬂm oridetedratednpuiiacuie ap{sye)i atwhiati puhaéor aa gi ven

i nput in real- gﬁ?rn%r%%@%%B&lg%béﬂde gktgg 20 enpl oy a | ook-up table

of a set output given 1npu |ns ead.” One form of

| ook-up table

conprises &a matrix of coordinates in which the i nputs of torque and speed
are used as row Ryl eohtwoN aush essesrdig aESCGEIEN BRe ABRAYRhiHkOiQA
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cperate 1 interpret a specific torque demand on the

machine to maintain the required machine output.
Typically, the controller inputs are the torque demand,
or possibly a speed demand in a closed-loop speed control
system, and the actual wmachine speed derived from the
rotor position signal. In response, the controller
provides one of a selection of control parameters as
outputs for controlling the machine. The outputs are
conmmonly an ON command, an OFF command, a freewheel (FW)
command and a CHOP command. While it is possible, in
some applications, to programme the controller with the
control law in order to compute the appropriate output
for a given input in feal-time, a controller will often

_employ a look-up table of a set outputs for given inputs

instead. One form of look-up table comprises a matrix of
coordinates in which the inputs of torque and speed are
used as row and column addresses for accessing an array
of stored parameter values. In oxrder to wminimise the
amount of space given over to the matrix, a sparse matrix
is sometimes used in which less than a complete set of
outputs is available for a given set of inputs, i.e.
there are more discrete combinations of inputs than
address locations. In this circumstance it is necessary
to interpolate between the stored parameter values to
achieve smooth contxol. A sparse matrix may be arranged
either as a regularly spaced set of parameter values or
as an irregularly spaced set of parameter values which
are clustered around the values of the more common



25 anount of space given over to the matrix, a sparse matrix is
sonetinmes used in which less than a conplete set of outputs is avail able
for a given set of inputs, i.e. there are nore discrete conbinations of

i nputs than address locations. In this circunstance it is necessary 30
to knterpol ate between the stored paraneter values to achi eve snpoth
control. A sparse matrix nay be arranged either as a regularly spaced set
of parameter values or as an irregularly spaced set of paraneter val ues

whi ¢ch are clustered around the val ues of tihe nore common 3 operating
conditions. As opposed to determ ning a paraneter value by accessing it in
a |look-up table, interpolationis areal-tine 5 processing activity.

Theref ore, ther eRARRtINGUEPNARE1PTS whi ch the speed of interpolation is a
limting factor on the speed of response of the systemto an input. It is

desirable to beiégle to %gduc the,pnocessing time taken by interpolation
in order to incrdaPRATES EQpONSTIUTESY goparamefrer yalye; b¥. a¢gessing,

obj ect of the prEsean imvéodkewpt tapieyi datanpeldtinrenismet hogabitime
nterpolalbon bepnealkaidleiascidy liloteleBrth! Gkt e, AMBYBLALIoRL 05ESSI N
of data is 15 d I't t o
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I educed. I's al so an_obj ett | the_lnven?lon %o provi de
a method of intefRpbihtihe, speedeeh Wtaelasionsis m digisdagséactor on

the speed of response of the system to an input. It is
desirable to be able to reduce the processing time taken

by interpolation in order to increase the responsiveness
10 of the drive.

It is an object of the present invention to provide an
efficient method of interpolation between values in a

_ matrix in which the amount of processing of data is
15 reduced.

It is also an object of the invention to provide a method
of interpolation between stored values in a processor.

20 The present invention is defined in the accompanying
independent claims. Some preferred features are recited
in the claims dependent thereon.

In one form the invention provides a mwmethod of

25

interpolation in a processing system between parameter
values to derive a taréet parameter value, corresponding
to an input ordinate, from an addressable memory device
containing discrete parawmeter values at memory locations
having at least one dimensional addresses, the wmethod
30 comprising for each dimension of address: determining
first and second memory location addresses between the
contents of which is the target parameter value; loading
the parameter value held at the first address into a
first register; loading the parameter value held at the



20 The present invention is defined in the acconpanyi ng i ndependent
claisérs. Sone preferred features are recited in the clai ns dependent
thereon. In one formthe invention provides a nethod of 25

i nterpolation in a processing system between paraneter values to derive a
target paraneter value, corresponding to an input ordinate, from an

addr essabl e nenory devi ce containing discrete paraneter values at nenory
| ocations having at | east one di mensional addresses, the nethod 30
conprising for each dinmension of address: determining first and second
menory | ocation addresses between the contents of which is the target

paraneter value; |oading the paraneter value held at the first address into
a first registerSeFBadi A§IFPRS piirtiet efesad cremtistesty SpPtraciingcbhg

address into a seeapdntegbBlithe iy aeliiBget hersw NN icomfentBeofi ERE
register fromth ents of the _second.register_to produc par anet er
di fference; | oad%r?%%g'he %éaqlasr%:e Ter tgi f?%?%‘ﬁcc% i°nt Baﬁa‘fl%f?]a r(glgfiafsetrgp;ce!)
mul tiplying the doaddngstld paramefrierddiéfexenge hpte gr bbiedtregiarert;o
produce a py opor iaRab1ydhgeithboadim@nte o opREt it@Ral aldi&tleRt Oy hg
second regi ster; a%gﬁaddlng the contents of the first rqglster to the
contents of the SEEHEFedrirert? cpiﬂ‘%’dﬁcé PrerPLRFRRah4 ier-opgding

val ue. | n anot hertheorprdgrertiionait iveiuer ontdestiae methould ofregister; and
adding the contents of the first register to the contents

of the second register to produce the target parameter
10 value.

In another form the invention provides a method of
interpolation in a processing system between parameter
values to derive a target parameter value, corresponding
15 to an input ordinate, from an addressable memory device
containing discrete parameter values at memory locations
having at least one dimensional addresses, the wmethed
comprising for each dimension of address: determining
first and second memory location addresses between the
20 contents of which is the target parameter value; loading
the parameter value held at the first address into a
first register; loading the parameter value held at the
second address into a second register; subtracting the
contents of the first register from the contents of the
25 second register to produce a parameter difference;
loading the parameter difference into a third register;
multiplying the contents of the third register by a
gradient value to produce a proportional value; loading
the proportional wvalue into the first register; and
30 subtracting the contents of the first register from the

contents of the second register to produce the target
parameter value.



I nterpolation in a processing system between paraneter-values to derive a
target paraneter val ue, corresponding 15 to an input ordinate, from an
addr essabl e nenory devi ce contai ning discrete paranmeter values at nenory

| ocati ons having at |east one dinensional addresses, the nmethod conprising
for seach di nmension of address: determning first and second nmenory | ocation
addr esses between the 20 contents of which is the target paraneter

val ue; |l oading the paraneter value held at the first address into a first
regi.ster; loading the paranmeter value hel & at the second address into a
second register; subtracting the contents of the first register fromthe
contents of the 25 second register to produce a paraneter

di fference; |oadity thénpenGiant er 9 ff ePahetcIr Ya t ARRLiaklst er ;to

mul tiplying the ﬁﬁgrnteec@r&ace&ohhentén IA@Iteﬂhsﬂﬁrchthé Q&ﬁﬂldﬂfni:héaéélﬁéé)
produce a proportio Iue

q 41 g the porti oga. { e into the first
register; and 30*% a§§8 P’ac???}%ﬂ c8ﬂte S‘fnoflﬂ 9 Péaf;?t ™% rom
the contents of rémistmoormpacegiist eegtdres oduberthwrmoaegethpainweneiowal ue.
The i nventio F r p I t 9 IJIRIL TR in an
ASIC in vx/n?ch t%e%%%eso%lkesci%a!c%vle%9 grbégfeﬁ% "%Eﬂén‘g"érﬁw on ﬁ%a&aér)ragﬂnt of
storage and regi Woksh sFEAECPE (SEQFPPES. rﬁﬂﬁ%Fﬁ@FﬁB?ean@he1W?ﬁRﬁﬂﬁﬁont

requires only a spéedioflnespomse afotlk Ditgrpednatse. code whi ch reduces
storage requirenents and i ncreases the
The invention uses a reduced amount of storage space in
10 the interpolation process by assigning intermediate
values in the interpolation process to registers to
replace accessed stored values no longer reguired in the
calculation process. &An actual address value for which
an interpolated parameter value is required is used to
15 define the parameter values in the matrix to either side
of the parameter value to be interpolated.

In the case of, for example, an electric motor

controller, the ocutput from the device could be a control

20 value which is dependent on a demand value of'speed or

torque to the controller and the speed and/or torque

feedback from the motor itself. In an irregular sparse

matrix the regular addresses at which the parameter

values are stored correspond to irregularly spaced

25 speed/torque values. Thug, the speed/torque values

‘ represent variable ordinates defining the location of the
parameter value within the memory device.

The invention can be put into practice in various ways

30 some of which will now be described by way of example
with reference to the accompanying drawings in which:

Figure 1 is a schematic block diagram of a switched
reluctance drive system incorporating the invention;

Figure 2 is a block diagram of the main components



speed of response of the interpolation. The invention uses a reduced anount
of sforage space in 10 the interpolation process by assigning

i ntermedi ate values in the interpolation process to registers to repl ace
accessed stored values no longer required in the cal cul ati on process. An
actual address value for which an interpol ated paranmeter value is required
Is used to 15 define the paraneter values in the matrix to either side
of the parameter value to be interpolated. In the case of, for exanple, an
el ectric nmotor controller, the output frofthe device could be a control 20
val ue which is dependent on a demand val ue of speed or torque to the

controller and t@g iﬁge and/lor_ torque feedback fromthe notor itself. In
an irregul ar spdt’sé % Phe"tBHA dF addresses at which the paraneter
val ues are stored comigapend t bsi ar egllemakycspdagdads of sapeedft awhgue
val ues. Thus, rﬁﬁ@%d o] |4 t L.abLe ordi nates
defining the Ioég%ﬁgh_o tﬁg %%?2ﬁ§¥gﬁﬁggfsg§%$?ﬁﬁhFﬁ%&%ﬁe%ﬁry devi ce. The
i nvention can be put Bigugeptats i dlocky dingram ofy $§hgoarithmeiic diogisi ch
wi Il now be desciniredyheagsol; exanple with reference to the acconpanying
drawings in which: Figure 1ds, a _schemati..bl ock diagramof a sw.tched
rel uctance drive systpg“rﬂu%ﬁcoslr plosr at i%rgarg?heﬁilwgﬁﬁhﬁ ﬁ‘%‘fﬁ’é@z TEIEM ock
di agram of the nedntx@npenensyitchegd reluctance machine;
Figure 6 is a block diagram of the storage elements
of the ASIC of Figure 2;

10 Figure 7 is a block diagram of the fetch elements of
the ASIC of Figure 2;

Figure 8 is a graphical illustration of a one-
dimensional éparse matrix of parameter values addressed
according to speed values;

15 Figure 9 is a graphical illustration of an irregular
two-dimensional sparse matrix of parameter values
addressable according to speed and torque; and

Figure 10 is a graphical illustration of a regular

sparse matrix of parameter values addressable according
20 to speed and torque.

Figure 1 illustrates a switched reluctance drive system

comprising a switched reluctance motor 10, having a rotor

) . 12 and a stator 14. A rotor position tranasducer (RPT) 16
) 25 has an encoded disc 18 mounted on the rotor shaft and a
fixed single sensor 20. The output of the sensor 20 is

arranged to derive rotor position information in

accordance with the movement of the disc 18 as disclosed

in EP-A-0630097. A controller 24 has a user demand input

30 22 in the form of either a motor speed and/or a torque

demand. The motor 10 is a 3-phase machine, therefore the

controller generates 6 firing signals for 6 power
switches 26.



of the ASIC of Figure 1; Figure 3 is a schematic diagramof sone of the
conmponents of the ASIC |IIustrated in Figure 2; Figure 4 is a block diagram
of the arithnetic logic 5 unit of the ASIC, Figure 5 is a graph
illustrating chopping current control in a switched reluctance nmachine;
Figure 6 is a block diagramof the storage el enents of the ASIC of Figure

2; 10 Figure 7 is a block diagramof the fetch el enents of the
ASI C of Figure 2; Figure 8 is a graphical illustration of a one-

di rensi onal sparse matrix of paraneter val yes addressed according to speed
val ues; 15 Figure 9 is a graphical illustration of an irregul ar

t wo- di nensi onal sparse matri x of parameter val ues addressabl e according to
speed and torque; Iy FBA-&i gk imenits the gronttiaddleri ik usdseat iopnanf ASIC egid ar
sparse matrix of comtapebethyad Ustastdtiorssalh ey AL VHY B9ngdPe sendd HHEd and
torque. Figure 14/ I%ﬁgtraggg g imntche .relu tagce drive system conpri sing
a switched rel uctante ot aF>t hé?lﬁg asfof 2 Bh g?%?%&&ﬁlqﬂﬁ 9X r ot or
posi ti on transdudde ARPT) 16 25 has an encoded di sc 18 nmounted on the
rotor shafts and a fixed single sensor 20. The output of the sensor 20 is
arranged to derive rotor position information in accordance with the
novenent of the disc 18 as disclosed in EP-A-0630097. A controller 24 has a
user denmand input 30 22 in the formof either a notor speed and/or a

t orque



denand.

The notor 10 is a 3-phase machi ne,

therefore the controller

genérates 6 firing signals for 6 power sw tches 26. 7 In this enbodi nent

the controller
t he single sensor

i s based on an ASIC and controls the 3-phase notor
RPT out put .

10 with
Table 1 is a list of the pin descriptions for

t he ASI C. 8 Pin nunber Description 1 VCC1 - Anal ogue supply +5V 2
VCC2 - Digital supply +5V 3 RPT - Position sensor signal 5
DIR - User direction demand 5 SCK - SPI clock and tacho output 6
M SO - SPI data in 7 TEST - Test input 8 MOSI - SPI data out 10
9 XTAL1 - Crystal oscillator 10 XTAL2 - Crystal oscillator 11
SS - SPI slave select 12 USRPWM - User interface PWWM out put 13
PWREF - Choppi ng; QURLERL, F $EEEPEStion
1 VCCl - Analogue supply +5V
2 VCC2 - Digital supply +5V
3 RPT - Position sensor signal
5 4 DIR - User direction demand
5 SCK - SPI clock and tacho output
6 MISO - SPI data in
7 TEST - Test input
8 MOSI - SPI data out
10 9 XTAL1 - Crystal oscillator
10 XTAL2 - Crystal oscillator
11 S8 - SPI slave select
12 USRPWM - User interface PWM output
13 PWMREF - Chopping current reference.
15 14 GNDI - Digital supply ground
15 GND2 - Analogue supply ground
16 USRIN - User analogue/digital input
17 §SRCOMP -~ Interface comparator analogue
input :
18 COMPREF - Current comparator reference
input
. 20 19 CCOMP - C-phase current comparator
20 C2 - Phase C bottom switch firing signal
21 Cl - Phase C top switch firing signal
22 BCOMP - B-phase current.comparator
23 B2 - Phase B bottom switch firing signal
25 24 Bl - Phase B top switch firing signal
25 ACOMP - A-phase current comparator
26 A2 - Phase A bottom switch firing signal
27 Al - Phase A top switch firing signal
28 UVOLT - Under-voltage analogue input
30

Table 1: ASIC Pin Description



15 14 G\NDI - Digital supply ground 15 G\D2 - Anal ogue

supply ground 16 USRI N - User anal ogue/digital input 17 USRCOWP -
I nt erface conparator anal ogue i nput 18 COVMPREF - Current conparator
reference input 20 19 CCOW - C-phase current comparator 20
C2 - Phase C bottomswitch firing signal 21 Cl - Phase Ctop switch
firing signal 22 BCOW - B-phase current conparator 23 B2 - Phase
B bottomswitch firing signal 25 24 Bl - Phase B top switch
firing signal 25 ACOWP - A-phase curgent conparator 26 A2 - Phase
A bottomswi tch firing signal 27 Al - Phase Atop switch firing signa
28 UVOLT - Under-vol tage anal ogue_input 30 Table 1: ASIC Pin .
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buffers 41 and 43. A block diagram of these elements of
the design is shown in Figure 2. This figure alsc shows
the main signals which are passed between the blocks.

Figure 3 shows the sub-divisions within these main
sections.

The microprocessor 28 generates the programme counter 33
which is used to address a programme read only wmemory
(ROM) 34 within the SPI 30. It also has an output on an
address bus 35 which is used to address both a data ROM
37 in the SPI, and other storége elements (not shown)
within the SR control 32. The other two outputs from the
microprocessor 28 are on a data bus 36 which is buffered
in buffer 41 and used as an input 36‘ to both the SPI 30
and the SR control 32, and a set of control signals 38
which, with the address bus 35, determine the destination
of a given piece of data. Within the microprocessor 28
there are two main sections: an instruction fetch and
decode section 40 and an arithmetic logic unit (ALU) 42,
as shown in Figure 3. The decode section 40 generates
the programme counter 33 and "fetches® the instruction
code and any associated data from the programme ROM 34.
It then wuses combinational 1logic to decode the
instructions as will be understood by the skilled person.
In decoding the instructions, control signals are
generated and passed to the ALU 42, which contains four
registers A, B, D and M, as shown in Figure 4. The

registers A, B, D, M are manipulated according to the
control signals from the decode section 40.



the main signals which are passed between the bl ocks. Figure 3 shows the
sub-di visions within these main sections. 10 The m croprocessor 28
generates the programme counter 33 which is used to address a programe
read only nmenory (ROM 34 within the SPI 30. It also has an out put on an
address bus 35 which is used to address both a data ROM 15 37 in the
SPI, and ot her storage elenents (not shown) within the SR control 32. The
other two outputs fromthe m croprocessor 28 are on a data bus 36 which is
buffered in buffer 41 and used as an i nputl®6' to both the SPI 30 and the

SR control 32, and a set of control signals 38 20 whi ch, with the
address bus 35,

termne the destination of a given piece of data.
Wthin the mcro ?‘8085?8?‘?@% Refe34r 22t W n%ﬁ"%g%%c‘tsf o?'fgqcrestfﬁdi %’gt &€t i on
fetch and decode psegraomedfprunitbrad3argenmvettied bpdilee miktropAbthsddy 28 shown
in Figure 3. Theqdecade §6CLLON o%p%%@%ﬁéggn?éram datBeoRr BGE ARGt er

33 and "fetches" the _ instruction cdde an y assocl ated data fromthe
programre ROM 3418 tthepnhkakepsas apolpyfatiushdit’ togthe MICToORESRESYThe
instructi ors as d. Reuddkex ROdDA7bys tdRireksiskiedy percombinkridaceslitige t he
I nstructions, cont i | gare 13 . n t LU
42, whi ch cont o nass? PUS; 3p0kha Bng wi PN ERCIIRHRRRECY Soliiof
The registers A S39m31s\38rc FhAi parater ke dAivwhgchoishexesacked Efgmal s
fromthe decode sad itARoM 37 is buffered, along with the data output

47 of the SR control 32, to form a data input to the
10 microprocessor.

There are two sections within the SPI 30: the storage
area which contains the programme and data ROMs 34 and 37
along with the circuitry required to address them; and
15 inpﬁt/output (I/0) logic 50 which allows data input to
the ASIC through to a master-in-slave-out (MISO) pin, and
data output through a master-out-slave-in (MOSI) pin (see
Table 1). These pins wmay also be addressed by the
microprocessor 28 using the address bus 35 and control
20 signals 38. Data to be output from the ASIC is supplied
from the microprocessor data-out bus 36 through buffer 41
to the SPI-data-in bus 36’. Similarly, data which is
input to the ASIC is received by the microprocessor 28 on

the microprocessor data-in bus 39’ via a buffer 43 and
25 the SPI-data-out bus 39.

The SR control 32 receives address and control signals 35
and 38, and the data input 36" which is buffered from
data-out bus 36 of the microprocessor 28. The SR control
30 32 generates the output on the SR-data-out bus 47, which
is buffered onto the microprocessor data-in bus 39', and
the firing signals 45 for the six power switches which
connect the SR machine to the supply. Figure 3 shows the
SR control 32 sub-divided into the following 9 sections:



10 The progranme ROM 34 in the SPI 30 is addressed by the programre counter
33, dgenerated by the m croprocessor 28. The SPI 30 then outputs the program
data on bus 44 which is then taken as an input bus 44" to the

m croprocessor 5 28. The data ROM 37 is addressed by a conbi nati on of

t he address bus 35 and the m croprocessor-generated control signals 38. The
data on bus 39 which is extracted fromthe data ROM 37 is buffered, along
with the data output 47 of the SR control 32, to forma data input to the

10 m croprocessor. There are two sectiibns within the SPI 30: the
storage area which contains the programme and data ROMs 34 and 37 al ong
with the circuitry required to address them and 15 i nput/output (1/0

| ogic 50 which allows data input to the ASIC through to a
master-in-slave-but (MdS®s 0N, andmAatsystetmpaelotkr sigilalh is input to
master-out-slave-in (M3XSI) pin (seeJabi&rd) from THESSVHL L ; e
addressed by the m croprocessor 28 usi ng%éfge %%ress%quSS%%hﬁ%%tg?%)ol 20
signals 38. Data to be output froni?%e shovali-s Sypprisgsioni ¢hethis

m croprocessor data-out bus 36 throteuffefuchkyt ariiith Ste daéguiredus
36'. Simlarly, data which is input,to th iS_receive y_the.

m cr oprocessor 28 on the m croproce‘gls%%md5?‘36?%?%uasr%s?en\ﬁrgqﬁgbﬁ*%&n43 and
25 the SPI-data-out bus 39. ThetlsR® dd®ckol 32 -recei ves address and
control signals 35 and 38, and the data i nput 36" which is buffered from

data-out bus 36 9f thﬁrerglfern%%rr Ocessgrrl ozr%'eerg sSt%rCtort!EuraorLotor using the
10 Multiplier 72- single-sensor coded-disc RPT 16, the
rotor position must be known, To

achieve this a "lock" routine is used

which puts the rotor in a known

position when the drive is initially

15 started. To lock the rotor, two
phases of the machine are energised

for a pre-defined time period. One

of these phases is then switched off

so that the rotor is pulled into the

20 position in which it is aligned with
the energised phase. This is
described in EP-A-0630097. The

circuitry to achieve the timing for

this routine is included in this

25 ' - section, as is that for a period
‘measurement. The period is read into

the microprocessor so that the speed

of the motor may be calculated for

use in the control loop and/or in the

30 interpolation routine.
3. RPT decoding The sequence generated by the RPT 16
74 - is tested for errors and used to

determine the active period of each



30 32 generates the output on the SR-data-out bus 47, which is buffered
onto:the m croprocessor data-in bus 39", and the firing signals 45 for the
si x power sw tches which connect the SR nachine to the supply. Figure 3
shows the SR control 32 sub-divided into the followi ng 9 sections: 1.

Cl ocks 70 - One systemclock signal is input to the ASIC froma crystal
oscillator (not shown). Sub-divisions of this 5

cl ock frequency which are required within the ASIC are generated within
this block. 2. Frequency In order igo start the notor using the 10
Mul tiplier 72- single-sensor coded-disc RPT 16, the rotor position nust be
known. To achieve this a "lock"” routine is used which puts the rotor in a
known position when the drive is irphdsg of 4ie motor as is described in

started. To lock the rotor, twogphasReeb7the machi ne are energi sed for
a pre-defined tinme period. One of these phases is then switched off so that
the rotor is pulled into the 20 position in which

it is aligned wi4dh t Mpdeen@regi-sed TPhasede of opdrationsofeshe imoedr ia

EP- A- 0630097. The circuitry tod@Eé@ﬁﬁﬁ%dihBytiEEéWJJfﬁfoproeessor,

according to the speed at which the

motor is operating. This will be a

choice between chopping, single-pulse

and continuocus current modes, as

10 described in EP-A-0534761. The mode

determines the time for which each

phase of the motor may be active,

i.e. the time during which the phase

winding is connected to the supply.

15 The switching strategy which is to be

used is also written from the

microprocessor 28 and stored in this
block.

20 5. Input-output This section includes the storage of
logic 78 - values which are written by the
microprocessor 28 to the SR control

32, and also the buffering of output

signals onto the SR-data-out bus 47.
25

6. Angles 80 - When the wmotor is running at
relatively high speeds it is operated
in the known single-pulse control
mode. The microprocessor

30 intexrpolates the data tables to
determine the angles at which the
phases should turn on "and off
according to the speed of and the

load on, the motor. These values are



this routine is included in this 25 section, as
Is that for a period neasurenent. The period is read into the

m croprocessor so that the speed of the notor nay be cal culated for use in
the control |loop and/or in the 30 i nt er pol ation

rout-i ne. 3. RPT decodi ng The sequence generated by the RPT 16 74 -

Is tested for errors and used to determ ne the active period of each 12
phase of the notor as is described in EP-A-0630097. 4. Modes 76 -

The node of operation of the notor is 5 13 det erm ned

by the mcroprocessor, according to the speed at which the notor is
operating. This will be a choice between chopplng si ngl e- pul se and
continuous current nodes, as 10 ~ Written to the SR contgedcrihednfn

EP- A- 0534761. The node detern1nes§MaQealm&thoﬁ vhechngaes phasr @b t he
notor may be active, i.e. the tlnquyrln 9o us%ﬁ %hed%$ase nd|n

connected to the supply. 15 ﬁgesmﬁFcﬁindvgtrategy
which is to be used is also witterfFifmesnpfhehe three phases.
5
7. Chop 82 - The switching strategy which is
stored in the Modes block 76 is used
to determine the firing signals for
the power devices in the Chop block
10 _ _82. The active period is either that
determined by the RPT decoding block
74 at low speeds or the output of the
Angles block 80 at higher speeds.
The Chop block 82 generates the
correct switch control signals for
the strategy and mode and also
implements any noise-reduction
technique such as ramping down the
current at the end of the active
20 period according to, e.g. the
technique disclosed in US 5461295.

15

8. Fault 84 - The firing signals generated in the
chop mode are inputs to fault logic.
- 25 This fault block 84 implements drive
protection, such as disabling firing
when an under-voltage condition is
detected on the main supply to the

drive.

30

9. Demand The "user" of this drive hasg a single
Interface 86 - demand input 22 to control (see
Figure 1). This input may be an

analogue or a digital signal and may



m croprocessor 28 and stored in this block. 20 5. | nput - out put

sectsi on includes the storage of

Thi s

|l ogic 78 - val ues which are witten

by the mcroprocessor 28 to the SR control 32, and al so the buffering of

out put signals onto the SR-data-out bus 47. 25 6. Angl es 80 - When

the:= nmotor s

i nt er pol at es

running at relatively high speeds it is operated in the
known singl e-pul se control node. The m cr opr ocessor 30

the data tables to determ ne the angles at which the

phases should turn on and off according testhe speed of and the | oad on,
t-he notor. These val ues are 13 witten to the SR control 32 and stored
within the Angles block 80. They are used to define the active tines of the

t hree phases.

5 7. Chop 82 - be Thesedswiaschangtosunat eggpeadi odr s

stored in the Mdes block 76 is useshdgpidet QeFeReabiSnd|  hBFerd O &n f OT

10

i5

20

25

30

the control strategy which is being
implemented. A PWM or analogue
demand signal is applied to one input
of a comparator where it is compared
with an appropriate reference input
signal. The output of the comparator
is converted into .a numerical value
of the error of the demand relative

to the reference by an interface
unit.

Referring to Figure 3, processing within the ASIC is
performed by the microprocessor 28. This microprocessor
28 has the four general-purpose registers A B D and M,
contained in the ALU block 42, which may be operated on
by the instruction set given in Table 2. The ASIC has 8-
bit memory addressing. The memory map is defined in
Table 3. The microprocessor 28 also has a 8-bit index
register, contained in block 40, which may be used for
indirect loading and storing of the general-purpose
registers, and an 1l1-bit start-address register which
holds the start-address of the main programme code,

allowing the use of code which runs only when the device
is initialieed.

Instruction | Description Instruction Code
(HEX)
ADC Add with Carry ) 40-4F
ADS Add with Saturation 60-6F
CLC Clear Carry 1B
DEC Decrement the Index F4
Register




t he power devices in the Chop block 10 82. The
active period is either that determ ned by the RPT decoding block 74 at |ow

speeds or the output of the Angles block 80 at higher speeds. The Chop
bl ock 82 generates the 15 correct switch control

signals for the strategy and node and al so i npl enents any
noi se-reduction techni que such as ranping down the current at the end of
the active 20 period according to, e.g. t he

t echni que di sclosed in US 5461295. 8. Feult 84 -

The firing signals
generated in the chop node are inputs to fault logic. 25

This fault bloc s-drive protection. g | | I ring
when an under-vq@l t ageppondi t il @ivigedet ected on t hd gRipF supply to t
drive. 30 9. mand The ~dser o1 this qrive nas a single
Interface 86 - demand®XTnput | S29P PEOIXHMG ol (sddFigure 1).  Thifs i nput
may be an analogue_oL—a—dLth Xe y 14
INC Increment the Index F3
Register
JMP Jump F1 AND FS
5 JMPC Jump on Condition "1 20-2F
JSR Jump to Subroutine F2 AND F6
JSRC Jump to Subroutine 30-3F
on Condition
LDD Load 04 -0QF
LDDI Load Indirect 9C-9F
10 LIM Limit C4-CF
MUL Multiply AO-AF
NOP No Operation 00
RTS Return from FO
Subroutine
SBC Subtract with Carxy 50-SF
15 SBS Subtract with 70-7F
Saturation
SEC Set Carry 1F
SHIFT Rotate, Arithmetic & 80-8B (RIGHT).,
Logic Shiftsa 90-9B (LEFT)
- SHIFT-N Shift by N-bits DO-~DB
STR Store 14-17
20 STRI Store Indirect DC-DF
STRL Store on Limit 10-13
TJIMP Jump on Test F8 AND FC
Condition
TRD2 One-dimensional 8D
Table Read
TRD3 Two-dimensional 8E
Table Read
25 TSC Table Scan BC




be used as a torque, speed or chopping | evel demand, depending on the
contyol strategy which is being inplenented. A PW or analogue 5
demand signal is applied to one input of a conparator where it is conpared
wi th an appropriate reference input signal. The output of the conparator is

converted into a nunerical value 10 of the error
of the demand relative to the reference by an interface unit. Referring to
Figure 3, processing within the ASICis 15 performed by the

m croprocessor 28. This mcroprocessor 2§ has the four general -purpose
registers AB Dand M contained in the ALU bl ock 42, which may be operated
on by the instruction set given in Table 2. The ASIC has 8- bit nenory

addr essi ng. The menory maplis de%lned in 20 Tapl e 3. The
m cr opr ocessor MMQ&M&:@QK 40,

whi ch may be used for indirect |oading and storing of the general-purpose
regi sters, and an 11-bi tTRl5r £: MHFEIF EFSOF e INFRFEFE IR Y her

start-addrfss of the main progranme code, 25 al l owi ng the use of code
whi ch runs” onl y pshea—the—deviceisini-tialisad_lnstruction Description
Instruction Codd AddP0sARGEX) | MMidRY bBECAT Y 4d- 4F 30
ADS Add w tf—Satroration 60-06F
00-1F MICRO SCRATCH PAD RAM
30 INDEX REGISTER
31 START ADDRESS REGISTER
10 40-AF 8-BIT SR DATA LATCHED
50-5F 16-BIT SR DATA (LATCHED)
60-FF 8-BIT CONTROL PARAMETER
DATA IN ROM

Table 3: ASIC Memory Map

15
ADDRESS (HEX) DATA
60-67 TORQUE
68-6F SPEED
20 70-77 OFF
78-7F FW
80-BF ON
CO-FF CHOP
25

Table 4: ROM Addressing.

As will be appreciated, the timing of the power-device
switching must be synchronised with the rotor position.
30 The switching of the devices is determined by the four
parameters, ON angle, OFF angle, free wheel (FW) angle
and the chopping level. These are shown in Figure 5 of
the drawings. They are more fully described in the

PCIM’ 93 article referred to above.
35



CLC Clear Carry 1B DEC Decrenent the | ndex F4

Register 15 DIV D vi de BO BF HALT St op

Pr ogr amme FF Execution | NC I ncrenment the | ndex F3 Regi ster
JVP Junp F1 AND F5 5 JVMPC Junp on
Condi tion 20- 2F JSR Junp to Subroutine F2 AND F6 JSRC

Junp to Subroutine 30-3F on Condition LDD Load

04- CF LDDI Load I ndirect 9C-9F 10 LI M Limt
C4- CF MUL Mul tiply - AO AF NOP No Operation

00 RTS Return from FO Subroutine SBC Subtract wth

Carry 50- SF 15h h SBS Subtract with -7F
Saturation SEC "hergefhe,mhase switches are |pNgpheth areRoFéPéed to
Arithmetic & 80-8hduitGdd) that the supply voltage is applied across the

phase winding. Conversely, the switches are turned OFF
when the two switches are opened. A freewheel condition
is put into effect by closing one switch and opening the
other, so that the current in the inductive phase winding
recirculates and decays more gradmally than when both
switches are OFF. The chop level is set according to a
required output and is the upper threshold at which the
10 winding current is maintained in chop control.

The control parameters ON, OFF and FW and the chop level
are stored in the ASIC in sparse matrices in the data ROM
37, along with the torque levels and speeds at which they
15 have been measured. The parameters are addressed as 60
to FF hexadecimal (hex), where the addressed matrix ROM
contents are as shown in Table 4. Typically, the stored
values in each matrix are determined empirically by
running the motor at pre-determined speeds and loads to
20 build up the relevant data. A sparse matrix can be an
uneven form of matrix in which the values are clustered
around the most common operating conditions. Thus,
values are often concentrated in the usual operating
areas and are increasingly sparse in other areas.
25 Neverthelegs, in areas of dense, as well as less dense
values, interpolation between values will be needed to

enhance the accuracy with which the system responds to an
input.

30 As indicated in Table 4, the values of torque and speed
for which measured data have been obtained are stored in
two contiguous sequences of memory locations which may be
thought of as two rows. In this implementation, OFF
angle and FW angle are taken to vary only with speed and



Logic Shifts 90-9B (LEFT) SHI FT-N Shift by N-bits

DO DB STR Store 14-17 20 STRI Store
| ndi r ect DC- DF STRL Store on Limt 10- 13 TIMP

Junp on Test F8 AND FC Condition TRD2 One- di nensi onal

8D Tabl e Read TRD3 Two- di nensi onal 8E Tabl e Read 25

TSC Tabl e Scan 8C 16 TXR Transfer Register

EO- EF Table 2: Mcroprocessor Instruction Set 5 Address (HEX) MEMORY USE
00- 1F M CRO SCRATCH PAD RAM 30 18 | NDEX REG STER 31 START
ADDRESS REQ STER 10 40- 4F 8-BI T SR DATA LATCHED 50- 5F
16-BI T SR DATA (LATCHED) 60- FF 8-BI T CONTROL PARAMETER DATA IN ROM
Table 3: ASIC p? gggeggpdent of torque. This allows the values for

each of these control parameters to be stored in a single
row. By contrast, ON angle and CHOP level are taken to
vary with both speed and torque. It follows that storage

for these control parameters will require as many rows as
there are values of torque.

In this implementation, eight values of speed and eight
values of torque are used and each data value is held as
10 an 8-bit number. It will be apparent to the skilled
person that other combinations of numbers of data points

could be used, e.g. OFF angle could vary with both speed
and torque.

15 Within the SPI 30 there is a sub-level "storage" which
contains both the prbgramme ROM 34 and the data ROM 37.
Figure 6 shows a block diagram of the storage level of

the SPI 30. The programme ROM 34 is addressed from the

microprocessor 28 by the 11-bit program counter 33. Its
20 output is latched when a programme ROM enable signal 92
is high. The data ROM 37 is addressed by the

microprocessor 28 via the 8-bit ROM address bus.
Although it is addressed by the microprocessor as 60-FF
hex, the data ROM 37 itself has two sets of tables which

25 are addressed as 00-9F and AQ0-FF. A page select system
is used to translate the address from the microprocessor
28 into an appropriate form for the data ROM.

The wicroprocessor registexrs A, B, M and D in Fig.4 each
30 have three control lines €0, C1, €2, the functions of
which are given in Table 5.

ﬂ c2 | c1 | co REGISTER ACTION “
| o 0 0 | DO NOTHING




ADDRESS ( HEX) DATA 60-67 TORQUE 68- GF SPEED 20
70-77% OFF 78-7F FW 80- BF ON CO FF

CHOP 25 Table 4. ROM Addressing. As will be appreciated, the timng of the
power - devi ce swi tching nust be synchronised with the rotor position. 30

The swi'tching of the devices is determ ned by the four paraneters, ON
angl e, OFF angle, free wheel (FW angle and the chopping | evel. These are
shown in Figure 5 of the draw ngs. They gre nore fully described in the
PCIM 93 article referred to above. 35 When the phase switches are ON,
both are closed to conduct so that the supply voltage is applied across the

phase w ndi ng nvetrsetyr—the erthes—are—%ufﬁed—fﬁF when the two
switches are opJFZ fOr eewhed| LA BUSI 8NTQ REGISTERpYt into effect by

cl osi ng one smntEﬂ(@n qpei gg tﬂﬁmﬁﬁhﬁiG 0 that thejcurrent in the

I nducti ve phase

frettrg—regtredtates anu—ueeays rore—gr adual | y t han when
both swi tches arjfe OFF] The| chop RERAJE LEFFet according to a
1 0 0 | LOGIC SHIFT RIGHT
5 1 0 1 | LOGIC SHIFT LEFT
1 1 0 | ARITHMETIC SHIFT RIGHT
1 1 1 | ARITHMETIC SHIFT LEFT
. Table 5: The Function of the Register Control Lines
1

The registers alsc have individual SET and clear (CLR)
lines as well as carry in (CAIN) and out (CAO) signals.
The 16-bit outputs of the registers (OUT) are enabled
15 onto the main ALU bus 36 using active-low signals ENAON,
ENBON, ENDON, ENMON through a 5-input, 16-bit OR gate 98.
A 16-bit adder 95 is connected to register A through a 2-
input, 16-bit multiplexer 97. The block FLAG-SET 104

sets overflow, zero, and negative flags.

20

Figure 7 is a block diagram of the detail of part of the
decode block 40 and shows the means by which the
instructions are fetched from the program ROM 34 shown in
} Figure 3. The programme ROM 34 is addressed by the
25 programme counter 33. Within the block 40 the
- instructions are timed using micro-steps which are
generated from a 7;bit m-step counter 110 shown in Figure
7. The counter is reset to 0 before each instruction
starts and the active signals, during the implementation

30 of the instruction, are timed according to their step
location.

The programme counter may be loaded using the parallel

load (PL) input. The source of the programme counter



requireawbutput and is the upper threshold at which the 10 wi ndi ng

current is maintained
FWand the chop | evel

in chop control. The control paraneters O\, OFF and
are stored in the ASIC in sparse matrices in the data

ROM 37, along with the torque | evels and speeds at which they 15 have

beep nmeasured. The paraneters are addressed as 60 to FF hexadeci mal (hex),
where the addressed matri x ROM contents are as shown in Table 4. Typically,
the stored values in each matrix are determned enpirically by running the

notor at pre-det

are clustered ar

erm ned speeds and | oads £% 20 build up the rel evant
data. A sparse matrix can be an uneven formof matrix in which the val ues

' : e eV
are often concentra ethfﬁg?ﬁgwﬁgﬁggﬂggggl%&'qqzcoqg@tu%ggts oFhuf il ues

rating areas an

sparse in other &f®as. 25 Neverthel ess, in areas of dense, as well

| ess dense val ues, i P®RigRakAbi OhRebwaeasyalies wehie By @ﬁ%dﬁgiﬁ%s&f&qance

the accuracy wt

indicated in Table 4, the

h whi ch t@e systemresponds to an input. 30

are increasingly

as

78Pties of torque and speed for which neasured

data have Been obt ai fed ané st df e jumpt iostontt jpous seglemersedf tHewory

| ocations which may be thQuahk 9f @% gmp(r)%@cmétrli}gnt{g zvxl;ai‘%legng?tsa%on,

OFF angle and FWangle are taken to vary .Y Wwth spee

i ndependent of t

10

15

20

25

30

orque. ThPFOSFRBRE THESAH yés FBf main data bus.

return address 118 - if a subroutine is used in the
programme then the point to which the programme
counter must return is loaded via the return
address bus.

fault address 120 - if a fault condition occurs in
which the fourth input to the multiplexer is

selected, zero is loaded into the programme
counter.

The signals which are used to select the multiplexer
inputs, and to parallel-load the programme counter, are
generated by particular instructions, such as the jump
and jump-to-subroutine instructions.

In order to determine the correct control parameters at
a given operating point of torgque and speed, the
microprocessor has to interpolate between the known,
stored values. To achieve this, three instructions are
designed to scan and read the tables, allowing
interpolation of the parameters with a minimum of
additional code required.

The invention is concerned with the interpolation between
values in the matrix of stored parameter values. It is
desirable in high volume production to be able to use a
cost-effective controller. Thus, the ASIC should be
designed to be as low in cost as possible. Cost savings

be



each of these control paraneters to be stored in a single row. By contrast,
ON angle and CHOP | evel are taken to vary with both speed and torque. It
foll ows that storage 5 for these control paraneters will require as
many rows as there are values of torque. In this inplenentation, eight

val ues of speed and ei ght values of torque are used and each data value is
hel d as 10 an 8-bit nunber. It will be apparent to the skilled person
t hat ot her conbinations of nunbers of datg@points coul d be used, e.g. OFF
angle could vary with both speed and torque. 15 Wthin the SPI 30 there
I's a sub-level "storage" which contains both the programe ROM 34 and the
data ROM 37. Fig S : | pe k. di agy f _th t qr.a o] he SP
30. The progran#%ﬁR%ﬁlggg?égg d?gsggﬁ r%ﬂﬂd?hg%ngg?ogfo%ggéggf%B Egéthe
11-bit program c8BAEVBE 88 datyistoxpge spggepHedArEred e FhfhEFogrpRBYr ame
ROM enabl e si gnakofe asd flirglempordhe stdaka £d¥Mat37mahbpulatddionssedchby

the m croprocessqr ' . 8-bit ROM address bus. Although it is
addr essed by the%ﬁiggg%#g%%ggggLas 60- FF hex, the data ROM 37 itself has

two sets of5 tables which 25 are addressed as 00-9F and AO-FF. A page

sel ect system i s mueedon®1htanflateqhemdtessn f4 amddie dontireplesesser 28
into an approprigte formfor t I QL ocessor rs A

he_dat a The mc regi st
B Mand B i Fi doF eReRisgt eoponad shdene aiadd HGE By (@pd E5sE b,
functions of whi cif)atbegrortrohlcralsiompbned2s. ©h th€0on&EGMSIER AGTKON 0

0 0 DO NOTH'N@ table containing a comprehensive range of parameter
10 values can be accessed in real-time relatively quickly as

no computation involving the stored parameters need be

carried out. However to do this requires costly and

space-consuming memory. Thus on the other hand, a sparse
matrix requiring interpolation between stored parameter
15 values requires real-time computation and auxiliary
devices for manipulating the data. The invention, in one
form, seeks to use a sparse matrix while minimising the
extent to which auxiliary devices are required in the
manipulation of the data and the processing time
20 required. This can be done by reducing, where possible,
the programme code in conjunction with the sparse matrix
to reduce the execution time for the interpolation
routine. According to the invention the requirement for

temporary storage in mewmory and additional registers in
- 25 the execution of the routine can be reduced.

Interpolation of a l-dimensional Table

As previously explained, the values of the OFF and FW
30 angles are stored in rows in the ASIC as a function of
speed. Figure 8 shows an example of parameter variation
with speed. If the motor is turning at some speed S, the
table of speed values is scanned to determine the speeds
S1 and S2, which are speeds at which values of the



19 0O 0 1 LOAD BUS I NTO REG STER O 1 0 ROTATE RIGHT O 1

1 ROTATE LEFT 1 0 0 LOAC SHFT RIGHT 5 1 0 1 LOA C
SH FT LEFT 1 1 0 ARITHVETIC SH FT RIGHT 1 1 1 AR THMETIC

SHI FT LEFT Tabl e 5: The Function of the Register Control Lines 10 The

regi sters al so have individual SET and clear (CLR) lines as well as carry
in (CAIN) and out (CAO signals. The 16-bit outputs of the registers (OUT)
are enabl ed 15 onto the main ALU bus 3§,using active-low signals ENAON,
ENBON, ENDON, ENMON t hrough a 5-input, 16-bit OR gate 98. A 16-bit adder 95
I's connected to register A through a 2- input, 16-bit multiplexer 97. The
bl ock FLAG SET 10@ﬂamaarvmlfvbo?eerzm;afmaﬁ @%ﬂ%dé:%eﬁ' ﬁEﬁch aﬁmé;ivgiﬁ.h@ 7 ihs
a bl ock diagram of.the ail o art_o e decode ock .40 _an ws t he
means by whi ch th%fiﬁs%gg%fions Eﬁ%aé%ﬁﬁ:eéﬁrfyg u?ﬁep%r88?a RENF§4%§homn

in Figure 3.  TheXpraghaghasorove 4 abd e aglelitdwsetheyintieeppSat ion maggbanme

counter 33. Wikl dhneritel abb8edind!Go ld@atNShT pOti ons are tined using
nicro-stepssmhich are generated froma 7-bit mstep counter 110 shown in
Fi gure

P=P1+{ [ (P2-P1) *(S-51)]/(S2-81)} (1A)
Where: S8 = the current speed value
S1 = the lower speed value
S2 = the upper speed value

10 P = the interpolated or target value
Pl = the parameter value at the lower speed
value, S1
P2 = the parameter value at the upper speed
value, S2

15

It will be apparent to the person of ordinary skill in
the art that the interpolation according to equation (12)
can equally well be carried out by staring at the upper
speed value and its assoicated parameter value and

20 progressing numerically downwards to the target value.
In this case, the equation becomes:

P=P2-{[(P2-P1) * (S2-8)]/(S2-81)} (1B)

25 The following is based on equation 1A above, but it
applies to eguation 1B mutatis mutandis.

Table Scan Instruction (TSC)

The table scan instruction TSC in Table 2 is the first
30 part of a torque/speed interpolation. routine which

implements equation (i) above. Before the instruction is

used, the actual value of speed is loaded into the

register A. The table scan instruction must have the

start address of the part of the table which holds the



7. The counter is reset to O before each instruction starts and the active

signals, during the inplenentation 30 of the instruction, are tined
according to their step location. The programme counter nay be | oaded using
| oad (PL) input. The source of the progranme counter 20

t he parallel

input is a 4-way nultiplexer 112, the inputs of which are:

address 114 -

start of the nmain code |loop. 5 bus 116 -

programe start
If a junp

instruction is inplenented, the value of the junp destination is witten to
the programe counter via the main data bu®3 return address 118 - if a

10

subroutine is used in the programe then the point to which the programrme

55 | pad ' d bus.
fault address 120505 SopdLpecTidel b RS Inst AR ol PHHLT, SpESE DU

con on occurs I n

urth Tnput

to the mul tipl exedddrese| bt pyeceded Py RBadéd i 96 -t FEGrdtfbaniar 1the

counter. The signghsi1dhichrad®y Ugekd M€l Gtlerkhd RdhbiBkexehekNPaise . and
to parallel-load

i nstructions,
5

10

15

20

25

30

suc

) ter, t b ticul
hREe AT ORs S aanh AR iR Bl Rt | At Fakis ons.

starting at 104 decimal,

The start address is loaded into an index register
located in block 40 to allow indirect addressing of the
data ROM 37. Successive values of speed are then
compared with the value in register A to determine the
two speeds in the table which lie to either side of the

register value. This may be explained in terms of the
action on each step:

Step 1 Clear the most significant 8 bits (MSB) of the
16-bit bus as the address to be read in is only

8-bits. Enable the programme ROM 34 to output
the address data.

Step 2 Enable the address data onto the address bus
35. Parallel load the address data into the
index register. Clock a 2-bit counter which is

to be used for timing information during step
4.

Step 3 Put the index register wvalue onto the ROM
address bus 35. Again clock enable the 2-bit

counter to ensure that it is in the correct
state at the start of step 4.

Step 4 Because it is not known how far through the
table the desired values will lie, the step
counter is disabled, during step 4, until

either the two values have been located or the



In order to determine the correct control paraneters at a given operating
poi nt of torque and speed, the m croprocessor has to interpol ate between

t he known, 25 stored values. To achieve this, three instructions are
designed to scan and read the tables, allowing interpolation of the
paraneters with a m nimum of additional code required. 30 The invention
I's concerned with the interpolation between values in the matrix of stored
paranmeter values. It is desirable in high volunme production to be able to
use a cost-effective controller. Thus, _,the ASIC shoul d be designed to be
as lowin cost as possible. Cost savings 21 can be realised by

mnimsing, as far as possible, the anmount of data storage space required

for the programme code anchd @f tREPEABIY IdPRen @eadréd@. mani pul ation, such
as interpolation. 5 The conflicting requirenents in a notor controller are

for speed of response and the space taken by (and cost of) the controller
conponents. On the one hdflsreforeok- wimirabl eduoihai nithgsa cergy ehérsi ve

range of parameter 10  gyal4B%e82N HOHACGERSEH It CRloucd® T ¢hathvel y
qui ckly as no conputation involvingethe stored paraneters need be carried

out. However to do thi sIFRRFAYEEsTRERE 151907d Ss iR CHSRURPHY GWERHEF. Thus

on the other hand, a sparsse zero, EN1, when the output is binary 01,
and EN2, when the output is binary 10. It is
on this last state EN2 (10) that the counter is
reset, to prevent the fourth possible state 11

10 being reached. The three states of the counter
are used for each value which is extracted from
the table to allow sufficient set-up and hold-
times for the data ROM addressing.

15 At the staft of step 4, EN2 is active so the

data ROM 37 is enabled, putting the first data

value onto the bus. The bus value 1is
subtracted from the contents of register A and
if the result of this subtraction is positive,

20 i.e. if the data value is less than the actual

value, the data value is stored, from the bus,

into register D by setting the control lines of

register D to 001 binary, as shown in Table 5.

The index register is then incremented so that

25 it points to the mnext data value. The 2-bit

counter then resets, returning its output to

state ENO. During this state, the step counter
remains disabled provided that the result of
the last subtraction was positive. No other

30 signals are active during the ENO period. When

EN1 is active, the index register is enabled

onto the ROM address bus 35 to set up the

address before the data ROM 37 is accessed.

This pattern continues until the result of a



natrlx requiring interpolation between stored paraneter 15 val ues
requires real-time conputation and auxiliary devices for manipul ating
the data. The invention, in one form seeks to use a sparse matrix while
mnimsing the extent to which auxiliary devices are required in the
manipul ati on of the data and the processing tine 20 required. This can
be done by reduci ng, where possible, the programre code in conjunction with
the sparse matrix to reduce the execution tinme for the interpolation

routine. According to the invention the rggquirenent for tenporary storage
in menory and additional registers in 25 t he execution of the routine
can be reduced. Interpolation of a 1-dinensional Table As previously

expl ai ned, the val ues of &hetrdtiandiF\Mafhtive anot1es etideost theed ablel OWS i N

the ASIC as a function of ;,gp gur S X ter
variation with speed. I|f %E ggg%h&al ?m?rhlg soﬁeég@éeedg%’&?h% abl e of
speed val ues is scanned t@cgw¥¢ rihge sthp @@ém R4 a‘ﬁdeSlewinémﬂ &he speeds

at which val ues of the 1R8t PE B QbovBaven besnsdy & ned and between which
the value of S lies. The paraneter values P1 and P2 nust be extracted
fromthe table so that the interpolation nmay be inplenented according to
equation (1): 5 SR [ (PBePans¢ S-8i9ddgs8%eS| vhlues, [4#9 than the

required one, have been stored in the register
D, i.e. when the result of the subtraction was
positive during step 4, the lower of the two
10 table points, S1, has already been saved. The
value is therefore enabled out of register D
and subtracted from the contents of register A.
This produces the value S-S1 in register A.

15 Step 6 The result of the step 5 calculation is enabled
out of register A and loaded into register M,
ready for the division which is to be carried
out after the table scan instruction.

20 Step 7 The index register was enabled during step'4 to
extract from the ROM 37 the value which gave a
negative subtraction result, i.e. 8S2. The

address to which the index register is still

i pointing is now enabled onto the ROM address
25 bus 35.

Step 8 The address from the index register is still

asserted onto the ROM address bus 35 and the

data ROM 37 is enabled to place the value 82

30 onto the bus, from which it is taken and loaded
into register A.

Step 9 The index register is decremented to point at

the lower of the two table values.



Vhere S = the current speed value S1 = the | ower speed value S2 = the

upper speed val ue 10 P = the interpolated or target val ue

P1 = the paraneter value at the | ower speed value, S1 P2 = the paraneter
val ue at the upper speed value, S2 15 It will be apparent to the person of
ordinary skill in the art that the interpolation according to equation (1A)
can equally well be carried out by staring at the upper speed value and its
assoi cat ed paraneter value and 20 progressing nunerically dowwards to
the target value. In this case, the equatixgn becones:

P=P2- {[ (P2-P1)*(S2-S)]/(S2-S1)) (1B) 25 The follow ng is based on
equation 1A above, but it applies to equation 1B nutatis nutandis. Table
Scan |nstructiOnSﬁé§X30'ﬂNTH&ﬂﬂdﬁﬁH§H1ddBWhU@EiOHeTSﬁﬁém Tabhiet&ri sowhe

first 30 part of a Jahguel %pSRQb LAISIROLAL! fbw S ild ebu heh

i npl enents equation (1) above. e instruction is used, the actua
val ue of speed is |oaded into the register A. The table scan I nstruction

must have the stggépafilr esphdfaddrediariraad dHie irfdxe redgighebolids sther 23
5 asserted onto the ROM address bus 35 and the
data ROM 37 is enabled to place the value S1

onto the bus, from which it is taken and loaded
into register D.

10 Step 12 The contents of register D is enabled onto the
bus 35 and subtracted from the value in

register A. The result is loaded into register
A.

15 Step 13 The contents of register A is enabled onto the
bus and loaded into register B. Register D is
cleared. The 2-bit counter 1is reset. The
signal, which generates the clock enable for
the programme counter and instruction register

20 and resets the step counter, is asserted.

The table scan instruction has been designed so that at
the end of the instruction, the registers hold the

correct values to proceed directly with the interpolation
25 calculation. That is,

B register holds S2 - S1
M register holds S - S1

Since the evaluation of Equation 1 requires the division
30 of M by B, and since the quotient will be 1less than
unity, it is conventional in the art to multiply the
dividend (M) by a large constant, say 2'* befor ethe
division is carried out. The effect of this constant is

taken into account at a later stage in the calculation.



speed data specified in the instruction call. Thi s address is preceded
by an "&", e.g. TSC &$68 for the table starting at 68 hex, where $ denotes
a hex value. This will be equivalent to TSC &104, i.e. a table 5

starting at 104 decimal. The start address is |oaded into an index register
| ocated in block 40 to allow indirect addressing of the data ROM 37.
Successive values of speed are then 10 conpared with the value in
register Ato determne the two speeds in the table which lie to either
side of the register value. This may be explained in terns of the action on
each step: 15 Step 1 Clear the nost significant 8 bits (MSB) of the
16-bit bus as the address to be read in is only 8-bits. Enable the
programme ROM 334nt haat pubodhrentddrRess s§grraD 26 cleasedp(R.e. $elbte the
address data ongeit hgeddr easgbusoptnaeldar 8b! gledi@rdt g, addirgssidaig into
the index register. ,gl,ock 2-hit counter V\{ngh is to he used for timng

i nformati on dur PAGVIEEPS 470 iggtaon bp 2" {hee-§ T edeSt&FeYaPue onto
t he ROM addr ess ibua B&-biAgaiinisbocikndniablie &le2-bihi dictdahér tTheengure that
it is in the correc t. Of,~S . teps 4 Because it
i's not kntc?vm hov%l?' a%utafﬁ%rﬁt F\itst %ES%%%% ]t%gndég‘?rxéflvaeﬁeg W Iulsﬁdl g,ggt he
step the intermediate calculations. An example of the code

which might be used in the interpolation routine is:

LDD A #5$87 ;load A with the target value of
10 ; speed _
TSC &$68 ;table scan from the start address of
;the speed data .
LDD A &530 ";load A from the index register with

;the address of 81

15 SEC ;set the carry prior to a subtraction
SBC #3568 ;subtract the initial table address
;from the address of Sl
STR A & TEMPO ;store the address offset at a
; temporary location for later use
20 DIV U,UL ;divide M and D by B to give
;65536%*(S-81)/(82-81) _
STR D &TEMP1l istore D, the result of the division,
;for later use.
25 Table 6 is an example of the table on which the

instruction could operate:

ADDRESS 68 693 6A 6B 6C 6D 6E eF “
DATA (HEX) 4] 24 49 6D 92 B6 DB ¥R “
30 Table 6

Implementing the above instruction steps:
LDD A #$87



counter is disabled, during step 4, until either the two val ues have been

| ocat ed or the 24 end of the table has been reached. Therefore, timng
during this step is determned fromthe 2-bit counter which 5
generates three signals, ENO, when both outputs are zero, ENl, when the
output is binary 01, and EN2, when the output is binary 10. It is on this

| ast state EN2 (10) that the counter is reset, to prevent the fourth

possi bl e state 11 10 bei ng reached. The three states of the
counter are used for each-value which is tracted fromthe table to all ow

sufficient set-up and hold- tinmes for the data ROM addressing. 15
At the start of step 4, EN2 is active so the data ROM 37 i s enabl ed,
putting the first datigcvalsde onto the bus. The bus value is

subtracted fromthe conLents qQf reg| r nd the re uIt of th|
subtraction is positi'Vt %t eXyregistexr 01%s %668 t}}ef eRES a8y ¥t |SO | ess

t han the actual ﬂaﬂméxﬁﬂhﬂ data value is stored fromthe bus, into

register D by settinggd-he aantr lgl '(B@§1inéegés°-\h€tr) Rhk@e®Bie bingEy o as
shown in Table 5, The jndex register is thep increnented so that

it points Po thelheX@IiBler Pade ingRemenp; index register to give 559
This retrieves value $24 from table;
$87 - $24 = $63 (positive result) therefore store
$24 in register D, increment index register to $6A &
retrieve $49 from table;

10 $87 - $49 = S$3E (positive result) therefore store
$49 in register D, increment index register to $6B &
retrieve $6D from table;

$87 - $6D = $1A (positive result) therefore store
$6D in register D, increment index register to $6C &
i5 retrieve $92 from table;

$87 - $92 = S$FFF5 (negative result) therefore end
step 4;

Calculate S - S1 = $87 - $6D = S$1A and store this result
20 in register M;

get value 82 (=$92) from ROM and subtract wvalue S1

(stored in register D) from it

i.e. A holds $92 - §6D = §25

this result is transferred from register A to register B.
25 Register D is cleared (i.e. set to all zeros).

The register contents at the end of the instruction are
therefore:

30 Register A holds 25, the wvalue which is loaded into
register B on step 13
Register B holds 25
Register M holds 1A
Register D holds 0.

n

S2-81 = 92-6D
S-81 = 87-6D



counter then resets, returning its output to state ENO. During this state,
the step counter remains di sabled provided that the result of the |ast

subtraction was positive. No ot her 30 signals are active
during the ENO period. When ENL is active, the index register is enabled

onto the ROM address bus 35 to set up the address before the data ROM 37 is
accessed. This pattern continues until the result of a 25 subtraction is
negative or the end of the table is reached. Wen either of these

conditions occurs, the step counter is rexgenabled and the instruction noves
on to step 5. 5 Step 5 Because successive values, less than the
requi red one, have been stored in the register D, i.e. when the result of

t he subtracti onOnesdposng iqns Rea® 4TRDMe | ower of the two 10

table points, SkerB2sidAk’ eRMM be@ %q de dheval uggdsdhenef ge gpabl ed
out of register D andl(g%btractned ?rom\ét%hg contents of register A This...

produces the valgécsiatiednirepi sher afdress of Slepng pretdeapedyintsf the
step 5 cal cul at iregisseenabl athigutithé dRHesisebfApENdd eadblled dritd egester M
ready for §he dib\{lisSia 4 \A{)haitrcaqliei tl%a%%dc‘f’irnrtioeq:he index register. The
address of Pl is determined by taking the known address
of S1, subtracting the initial speed table address and
adding the resulting offset to the start address of the

that part of table in which the parameter values are
10 located.

The one-dimensional table read instruction, TRD2,
used, in conjunction with the table scan,

interpolating data which 1is dependent
15 variable.

is
when
on only one
Before using the instruction, register A must
be loaded with the address of Pi1. The table read
instruction then returns the values of Pl and P2-Pl in
registers D and M, respectively, for use in the remaining
interpolation calculation. The instruction may be

20 explained in terms of the action on each step:
Step 0 The address value S1, which has been pre-loaded
into register A, is enabled onto the bus and
- parallel loaded intoc the index register.
25 '
Step 1 The address held in the  index vregister is
" enabled onto the ROM address bus.
Step 2 The address of Pl from the index register is
30 held on the ROM address bus and the

corresponding value of Pl is enabled out of the
data ROM and loaded into register D. The index

register is incremented so that it holds the
address of value P2,



out after the table scan instruction. 20 Step 7 The index register
was .enabl ed during step 4 to extract fromthe ROM 37 the val ue which gave a

negative subtraction result, i.e. S2. The address to which the index
register is still pointing is now enabl ed onto the ROM address 25

bus -35. Step 8 The address fromthe index register is still asserted
onto the ROM address bus 35 and the data ROM 37 is enabled to place the

val ue S2 30 onto the bus, fromwhich it is taken and | oaded
into register A Step 9 The index registgr is decrenented to point at
the |l ower of the two table val ues. 26 Step 10 The address to which the

i ndex register now points is enabled onto the ROM address bus 35. Step 11
The address from stepindex Degicshéngi #hslél dlPowing set up timeagserthd onto

t he ROM address bus -35 and a sROM 37 is enabled to place the value Sl
onto the bus, fromwhich it i1s ta &n-and | oaded into register D. 10
Step 12 The contents of register Dis enabled onto the bus 35 and

subtracted from t Beepabue iThd egiddedys A2 Had gsuldhd Srdeadedgisterr egi ster
A. 5 enabled onto the ROM address bus.

Step_5 The address from the index register is held on
the ROM address bus and the corresponding value

of P2 is enabled out of the data ROM and loaded
10 into register A.

Step 6  The value held in register D is enabled onto
the bus and subtracted from the contents of
register A. The result, P2-P1l, is loaded into

15 reglister A.

Step 7 The contents of register A are enabled onto the
bus and loaded into register M. The signal
which generates the clock enable for the

20 programme counter and instruction register and
resets the step counter, is asserted. The next
instruction is enabled out of the programme
ROM.

25 An example of the code in which the "table read

instruction could be used is:

LDD A #$70 ;load register A with 'the start

;address of the off-angle table
30 CLC ;clear the carry before an addition
;operation
" ADC &TEMP2 ;add the speed table offset to

;register A to give the address of Pl

TRD2 ;issue table read instruction



15 Step 13 The contents of register Ais enabled onto the bus and

| oaded into register B. Register Dis cleared. The 2-bit counter is
reset. The signal, which generates the clock enable for the programre
counter and instruction register 20 and resets the step

counter, is asserted. The table scan instruction has been designed so that
at the end of the instruction, the registers hold the correct values to
proceed directly with the interpolation 25 calculation. That is, B
register holds S2 - S1 Mregister holds S 3; S1 Since the eval uation of
Equation 1 requires the division 30 of Mby B, and since the quotient
will be less than unity, it is conventional in the art to multiply the

di vidend (M by &TRabgeTEMP&St ant, saptfer thebebortertheolli vegisrer sbearri ed
out. The effect of th| s constant is %kegolgt&ﬁﬁﬁgggt 1gga@1<g@t er stage in
t he cal cul ati on. In this enmbodi_mént, Register I's cleared (|. . set
to all zeros) and‘%ﬁeﬁﬁgfﬂp%o regi stiéPag éﬁ’e%tﬁrvelBy BieRi dfihsg value

mul tiplication by 2[err] (i.e.65536); sssﬁegl(stsrr)/aszssa)lgexb&xtauiadllfi‘fem and

MDis a 32-bit dividend. The 32- 5 b|t otlent ced in MD and
regi ster Agljs used for the internedi‘dt €4l %gl }fe A e I’t%n&%xarrpl e of the

code whi ch ni ght M&: #8e8Li n t he i nt-ermpditdplyn rvosigred s: register B
; (65536%(S-S1) /(S2-S1)) by signed
;register M (P2-P1l) the result being
;in registers A and D

10 CLC ;clear the carry
ADC &TEMP4 ;add the stored value Pl to the top
;16-bits of (P2-P1) *65536% ( (S-
i81) /(s2-81)
STR A &OFF ;store the result of the addition to
15 ;a location predefined as the off

;angle store.

Note that discarding the bottom 16-bits of the

multiplication result has the effect of dividing by
20 65536.

Table 7 on which this instruction could be implemented

ig:
25 EBDDRESS 70 71 72_ 73 74 75 76 77
u DATA (HEX) | CO AQ B0 AD A0 SE 93 8D
i Table 7
30 In this example, the address of Pl is taken to be §74.

This is enabled onto the bus in step 0 and loaded into
the index register.



LDD A #$87 ;load A with the target value of 10
; speed TSC &$68 ;table scan fromthe start address of ;the
speed data LDD A &$30 ;load A fromthe index register with ;the

address of S1 15 SEC ;set the carry prior to a
subtracti on SBC #$68 ;subtract the initial table address ;from
the address of S1 STR A & TEMPO :store the address offset at a
;tenmporary location for |ater use 20 DV U, UL ;divide M
and D by B to give 65536*(8—81)/(82 5»1) STR D &TEMP1 ;store
D, the result of the di VISIOI’I :for Iater use. 25 Table 6 is an

exanple of the table on V\/m ch the instruction could operate: ADDRESS

68 69 6A 6fh st 2 BRe inddx reg@EtPATHs (¥ tQ addZéss A% afdd 92
B6 DB FF Tabl.e 6

ng the
above |nstructlg‘é\)oste|cl;‘§mmLf§E§1 R8T e SAFTFEC e5RS Valdlx regi sﬁ; l#10 ds
$68, therefore fifdcadase iotpr segistay &-

5 The index register is then incremented to give the
address of P2 (i.e. $7S).

On step 5, the value P2 is extracted from the data ROM
and loaded into register A.
10

On step 6 the value P1 {(in register D) is subtracted from
the value in register A (P2) the result is
P2 - Pl = $9E - $AO = SFFFE
The value is copied into register M on step 7.
15 )
From the wvalue calculated from the +table scan
instruction, and the values at the end of the table read

instruction, the required parameter value (P) can be

calculated according to eguation (1). The register

20 contents at the end of the table read instruction are:

Register A holds FFFE, the wvalue which is loaded into
register M on step 7

Register B is unused
25 Register M holds FFFE = P2-Pl1 =9E - A0
Register D holds A0 = Pl

The execution of equation (1) then reduces to

P =D + M * TEMP3; where TEMP3 holds the result of the
30 table scan instruction.

It will be appreciated that, while the above descriptions
of the Table Scan and Table Read instructions have

congsidered that the control parameter was a function of



$87 - $0 = $87 (positive result) therefore store 0 5 I n register

D and

i ncrenent index register to give $69. This retrieves value $24 fromtable;

$87 - $24 = $63 (positive result) therefore store $24 in register D,

i ncrenent index register to $6A & retrieve $49 fromtable; 10
- $49 = $3E (positive result) therefore store $49 in register D, incr

index register to $6B & retrieve $6D fromtable; $87 - $6D = $1A (posi

result) therefore store $6D in register D, increnent index register t
& 15 retrieve $92 fromtable; $87 - $92 = $FFF5 (negative result)
therefore end step 4; Calculate S - S1 = $87 - $6D = $1A and store th

result 20

in register M get value S2 (=%$92) from ROM and subtrac

$87
ement
itive
o $6C

i's
t

val ue S1 (storecderd egdiosieer the fooamrbdl paeamdterd doWP equiDy=w$23 this

result is transfggg'(%ég D EgALSiS) & %RrhE9i Si&le B 25 Regi st er
. set to al zeros? ﬁie reg |gter

contents at the end of the

cleared (i.e

Dis

I nstruction are therefore: 30 Reglster A holds 25, the value which is

| oaded into regindtyrgdlatisheptlsd Rafiinfn@ioBabotalsie?5 = S2-S1 = 92-6D
Regi st er h@holds 1A = S-S1 = 87-6D Regi ster D holds O.

10

15

20

25

30

In this embodiment of the invention, the ON angle and
CHOP level are stored as.parameters‘which vary both with
speed and with torque. The appropriate table of data
must therefore be scanned to determine the values S1 and
82, and T1 and T2, which lie to either side of the
measured values of speed, S, and torque, T, respectively.
Figure 9 shows an example of control parameter variation
with both torque and speed and the control parameter
values, P11, P12, P21 and P22, which wmust be extracted
from the table for the interpolation to be implemented.

When the four parameter values have been extracted from

the table, the interpolation is performed using equations
(2) to (4):

P1=P11+ [ (P12-P11)*(S-S1})]1/(S2-S1) (2)

P2=P21+ [(P22-P21) * (8-S1}]/(S2-81) (3)

P=P14 [(P2-P1) *(T-T1)]/(T2-T1) (4)

where P = the interpolated or target value
Pl = an interpolated parameter value at the

lower torque point
P2

an interpclated parameter wvalue at the

upper torgue point

P1ll= the parameter value at the lower speed and
lower torgque point

P12= the parameter value at the upper speed and

lower torque point

P21= the parameter value at the lower speed and



29 One- dlnen5|onal Tabl e Read (TRD2) Referring again to Figure 8, the
addr.ess of Pl is calculated fromthe address of Sl and pre-loaded into
register A This (the address of P1l) is enabled onto the 5 bus and
paral l el |oaded into the index register. The address of Pl is determ ned
by t-aki ng the known address of S1, subtracting the initial speed table
address and adding the resulting offset to the start address of the that
part of table in which the paraneter val ues are 10 | ocat ed. The

one-di nensional table read instruction, TRD2, is used, in conjunction with
the table scan, when interpolating data whfch is dependent on only one 15
variable. Before using the instruction, register A nmust be |oaded with

t he address of P1. The tabl e éead &Dc%ru t| p then returns the val ues of
P1 and P2-Pl1 in registers D anﬁ res Ve y, for use in the remaining

interpol ation calcul ati oR22= t#ﬁ@ﬂ%ﬁ@&ﬁﬁicﬂbﬁﬁ atpyhe peopEy speedxgndi ned
internms of the action on eachu§§@p totfRk GointThe address value S1, which

has been pre-|oaded into 1£0i_S enabl ed nto the bus and paralle
| oaded into the index reglsterEEES %ﬁ%é?]?peedTﬁg HAdress held in the

index register is enabl e®lont thehtoROM sphireyalbesinStiep table The address
of P1 fromthe index regi §£l. k$e upper speed value in the table

T
T1
T2

1§

the actual torgque value

the lower torque value in the table

the upper torque value in the table
10 '
Intermediate values can be interpolated from a two-
dimensional table in a similar manner according to the
invention still using the four registers for storing the
data and the results of the calculations.
15
Before the two-dimensional table read can be performed,
two table scan instructions are required, one on the
torque data and one on the speed data.
20 The two-dimensional table read instruction, TRD3 in Table
2, is used, in conjunction with the table scan TSC, when
interpolating the data. Before using the instruction,
register A is loaded with the address of P11, the table
point which corresponds to the lower values of both
25 torque and speed. The instruction may again be described
in terms of the action on each step:

Step 0O Register A, which holds the address of P11, is

enabled onto the bus and parallel loaded into
30 the index register.

Step 1 The contents of the index register are enabled
onto the ROM address bus.



30 . held on the ROM address bus and the corresponding
val ue of Pl is enabled out of the data ROM and | oaded into register D. The
index register is incremented so that it holds the address of val ue P2.

30 Step 3 Do nothing while allowi ng set up tine for the new address.
Step: 4 The address P2 held in the index register is 5

enabl ed onto the ROM address bus. Step 5 The address fromthe index

register is held on the ROM address bus and the correspondi ng val ue of P2
is enabled out of the data ROM and | oaded_10 into register

A. Step 6 The value held in register D 3Ps enabl ed onto the bus and

subtracted fromthe contents of register A The result, P2-P1, is |oaded
into 15

Step 2 'e€@hd! 8BafesS RN the lk@e;@qrggel%ttsroisrﬁgi&t&f A are
enabl ed onto the bus and I%Fded into register M The signal which

generates the clock enabl & asigress bus and trtﬁ' oGPERFEPYH ST and
instruction register and redees Phe sisemblatiesut it atredhed. Rffﬂhearmext

t t bl ed t Qf5.tih
;EZ rggd;OZihs agﬁche tﬁgld% el Qn@%cfgéﬁgPaéﬁ?W e 1ndé§1re8§§€QL

1ncremented to point to P12.

Step 3 Do nothing while allowing set up time for the
new address.

10 Step 4 The contents of the index register is enabled
onto the ROM address bus.

Step & The address from the index register is held on
the ROM address bus and the corresponding value

of P12 is enabled out of the data ROM and
loaded into register A.

15

Step 6 The contents of register D is enabled onto the

bus and subtracted from the wvalue held in

20 register A. The result of the subtraction,
P12-Pl1l1 is loaded into register A.

Step 7 The contents of register A are enabled onto the

bus and loaded into register M.
25

Steps 8-14
Increment the index register seven times to
point to P21. (The number seven arises because
8 values are stored for each control parameter)
30

Step 15 The contents of the index register are enabled
onto the ROM address bus.

Step 16 The address from the index register is held on
35 the ROM address bhus and the corresponding



instruction could be used is: LDD A #$70

the. start
;clear the carry before an addition ;operation ADC &TEMP2

the speed

.| oad

regi st

result being ;

regi ster

er

table offset to ;register Ato give the address of Pl TRD2

issue table read instruction 31 STR D &TEMP4
contents of

;address of the off-angle table 30 CLC

regi ster D,

carry ADC &TEMP4
(P2-P1) *65536* ( ( S-
result of the addition t
predefined as the off

of

of the

10

15

20

25

30

Step 17

Step 18

Step 19

Step 20

;load register

store the
;Pl, to a tenporary |ocation LDD B &TEMP3

B with the value ;65536*(8—81)/(82 S1) generated
;a scan of the speed table MJL UL, SL

nultlply unsi gned

A wth

:add

fromb5

B : (65536*(S S1)/ (S2-S1)) by*® signed :register M (P2-P1) the
in registers A and D 10 CLC ;clear the

aladd ghie st ahedi ¥@l 48 Rle tighd fa%tfaoaomlénal ts

% /(82 Sl STR A &OFF store th
o into reglster B. The 1ndeé_q§g%ﬁgqgnls

Do nothing while &allowing set up time for the
new address.

The contents of the index register are enabled
onto the ROM address bus.

The address from the index register is held on

the ROM address bus and the corresponding

value, P22 is enabled out of the data ROM and
loaded into register A.

The contents of register B are enabled out onto
the bus and subtracted from the value held in
register A. The result of the subtraction, P22
- P21 is loaded into register A. The signal
which generates the clock enable for the
programme counter and instruction register and
resets the step counter, is asserted. The next

instruction is enabled out of the programme
ROM.

Cco (o § c2 [ax] C4 cs [o(1 c?
cs co ca cB [o.04 [a0] CE CF
Do D1 D2 D3P]_1 D‘Plz D5 D6 D7
D8 D9 DA DB P 2 1 DCP 2 2 DD DE DF
g0 El E2 E} E4 ES . £6 E?
Es E9 EA EB EC ED EE EF
Fo ¥l F2 F3 F4 Fs F6 F7
F8 F9 FA 3] FC FD FE FF
Table 8

e

; anherstented hot poifmatcagdirpear di ng the bottom 16-bits



mul tiplication result has the effect of dividing by 20 65536. Table 7

on which this instruction could be inplenmented is: 25 ADDRESS 70
71 72 73 74 75 76 77 DATA (HEX) CO A0 A0 A0 A0 9E
93 8D Table 7 30 In this exanple, the address of Pl is taken to be
$74.°This is enabled onto the bus in step 0 and | oaded into the index
regi ster. 32 In step 2 the index register is used to address the data
ROM From address $74 we extract the value $A0 (P1) this is loaded into
register D. 5 The index register is ;hen incremented to give the

address of P2 (i.e. $75). On step 5, the Yhlue P2 is extracted fromthe

data ROM and | oaded into register A. 10 On step 6 the value P1 (in register
D) is subtracteasiiemd hes vah UexhRpi€9bst gh A-692k thei1eestthlcliggPar P1 =
$9E - $A0 = $FFFE The value is copied into regiSter on step 7.7 15 From

e M
the value cal @AXEss om thePlk ol 2t AP THsiMrctiGTe"sRE ¢ val ues
at the end of thewdeabl¥gieadr once to get to $D4. Steps 8-14 above

increment the index register seven times - it goes from

S $D4 to $DB, i.e. to point at P21i. The index register is
incremented once wmore, in step 16, to point to P22, i.e.
$DC. )

An example of the code in which the table read

10 instruction couid be used is:
LDD B &TEMPO iload register B with the torque
;table offset
LSLN #$3 ;shift left by three places which is
15 ;equivalent to multiplying by 8
TXR B A ;transfer the contents of register B
;to register A
CLC ;clear the carry prior to an addition
ADC &TEMP2 ;add in the speed table offset to
20 igive the position of P11 relative to
ithe start of the data table
STR A &TEMP2 ;store the relative position of P11
iEor future use
~ CLC ) ;cleaxr the carry
25 ADC #$60 ;add in the start point of the chop
: ;level data table
TRD3 ;issue table read instruction
STR D &TEMP4 ;8tore the contents of register D,
;P1ll, to a temporary location
30 STR B &TEMPS ;store the contents of register B,
;P21, to a temporary location
STR A &TEMP6 ;store the contents of register A,

;P22-P21, to a temporary location
LDD B &TEMP3 ;load register B with the value



instruction, the required paraneter value (P) can be cal cul ated according
to eguation (1). The register 20 contents at the end of the table
read instruction are: Register A holds FFFE, the value which is | oaded into
register Mon step 7 Register B is unused 25 Regi ster M hol ds FFFE =
P2-P1 =9E - AO Register D holds A0 = P1 The execution of equation (1) then
reduces to P =D + M* TEMP3; where TEMP3 holds the result of the 30

tabl e scan instruction. It will be appreciated that, while the above
descriptions of the Table Scan and Tabl e @ ad instructions have consi dered
that the control paraneter was a function ™ 33 speed al one, the control
paraneters could equally well have been a function of torque al one.

I nterpolation of a 2-dimensional Tabkgs$st s1di)y @3hedh ngate oft dd€rom
i nvention, the ON angle and CHOP | evel are stom;%%as araneters whi ch vary

both with speed and with torque. TRe S58Pr & i FRBTE bRFPHEt a MHeF
therefore be scanned to determ ne thesgahees S$haand téo t&8? e andchih and

T2, which lie to either side of the;qgggyﬁggh%§lueﬁa?£ spged dg, ad,,
torque, T, respectively. Figure 9 shows an _exanple of contro ar amet er
variation ° ;carried out and the calculations

;done to generate

;65536 (S-81) and 65536 (T-T1)
(S2-81) (T2-T1)

;the two values then being stored in

10 ;temporary locations.
MUL UL, SL ;multiply . unsigned register B by
;signed register M(P12-P11), the
;result being in registers A and D
CLC iclear the carry
15 ADC &TEMP4 ;add the stored value P11 to the top
;16-bits of (P12-P11) *65536* (S~
;81) /(S82-81)
STR A &TEMP3 ;store the result of the addition,
;P1, to a temporary location
20
LDD M &TEMP6 ;load register M with P22-P21
LDD B &TEMP3 ;load register B with the value
;65536% (85-81) / (82-81)
MUL UL, SL ;multiply unsigned register B by
25 ' ;signed register M, the result being
;in A and D
CLC ;iclear the carry
ADC &TEMPS ;result of the addition is P2
30 SEC ;set the carry prior to a subtraction
;instruction
SBC &TEMP3 ;calculate P2-P1
TXR i B ;transfer the contents of register A
;to register B
35 LDD M &TEMP1 ;load register M with the wvalue



with both torque and speed and the control paraneter values, P11, P12, P21
and P22, which nmust be extracted 15 fromthe table for the

i nterpolation to be inplenmented. Wien the four paraneter val ues have been
extracted fromthe table, the interpolation is perfornmed using equations
(2) fo (4): 20 Pl =P11+[(P12-PI1)*(S-S1)]/(S2-S1) (2) P2=P21+ |
(P22-P21) * (S-S1)] / (S2-81) (3) P=P1+ [(P2-P1) * (T-T1) ] / (T2-T1)
(4) 25 wher e P = the interpolated or target value P1 = an

i nterpol ated paraneter value at the | ower 34 orque point P2 = an interpol ated

paranmeter value at the upper torque poi nt 30 P11= the
paraneter value at the | ower speed and | ower torque point P12= the

par aneter value at the upper speed @@g3150‘(\@rq~it)qr(q12emq)l@éné%?a]tedt Reom
paranmeter value at the | ower speed an r_tor 0| nt P22= the

paranmeter val ue at the upper speed’ gﬁaf‘ab’b%r“%‘% &E@uﬁo?ﬁ!?l = the actual
speed value 5 MUL SL,UL S1 =t hewllowelty spapeds gkegester thel R2able

;by unsigned register M
5 CLC ;clear the carrxry
ADC &TEMP3 ;add P1 to (P2-P1)*65536*(T-T1)/(T2-
;T1) )
STR A &CHOP ;store the result of the addition to
;a location predefined as the chop
10 ;level store.
Note that discarding the bottom 16-bits of the

multiplication result has the effect of dividing by
65535.

15

The above description concerns interpolation in an
irregular sparse  matrix in which it is necessary to
determine the gradient between stored values, i.e. the
rate of change between stored values, at given address
20 ordinates, between which the interpolation is required.
The invention can also be implemented in a regular sparse

matrix for which the spacing between the ordinates is
constant.

25 Because the spacing beﬁween the ordinates is constant,
there is no need for the iterative process described
previously and implemented in the  Table Scan
Instructions. Instead, the ordinate of, say, speed which
lies immediately below the specified speed can be
identified immediately by simply dividing the specified
speed by the spacing between the ordinates. For example,
Figure 10 shows a regular, 2-dimensional watrix which has

spacing of 16 between the points at which the speed is

30

stored. 1f, say, a value of 71 is presented as the



S2 = the upper speed value in the table T =the actual torque value T1 =
the . ower torque value in the table T2 = the upper torque value in the
table 10 Internedi ate val ues can be interpolated froma two- di nensional
table in a simlar manner according to the invention still using the four
regiesters for storing the data and the results of the calculations. 15
Before the two-dinensional table read can be perforned, two table scan
instructions are required, one on the torque data and one on the speed
data. 20 The two-di nensional table read instruction, TRD3 in Table 2,
is used, in conjunction with the table schh TSC, when interpolating the
data. Before using the instruction, register Ais |loaded with the address

of P11, the tablg %%]nLaMéChfcfprrl%%QQBf;%a& Do o OWRL VALUES, Of dikh 25

torque and spee nstruction na n°be scri be ‘erns of the
action on each s$ti¢pdiggeploby 1<Ré@|v§tseﬂ A33vxh|'6¢i<m ddiet Whobeldreheof P11,

is enabled onto 4t he_nau&aees pedlthel 1bnedesd-ditae3ds the fourth in tHde
i ndex register.

The content of the index regi.ster abl ed
onto the RONIad ess 8&5 zegg i times 1é 84 %gus enagies {h
5 identification of the lower ordinate to be achieved in a

single pass through the code for the microprocessor.

Using the nomenclature defined above for the irregular

matrix, the process for interpolation of a regular matrix
10 can be illustrated as follows.

A sparse matrix with its addresses is defined as follows:

msalS5, msal4, msall3d, msal2, msall, msall, msa09, msals,
15 P1, PO, S6, S5, S4, T6, TS, T4; where S6,S5,S4 are the 3

MSBs of a 7-bit speed signal and T6,T5,T4 are the 3 MSBs

of a 7-bit torque signal. Pl and PO define the type of

parameters stored in the matrix

defined, as before, by:

20
Pl PO
0 0 CHOP
0 1 ON
1 0 FW
25 1 1 OFF
msal5...msa08 is the address in the data ROM where the
data are located.
The equations to solve are
30

Let S = 83,52,81,50/((S6,S85,S4+1) - (S6,S5,54))
S3,82,81,80/16
Let T = T3,T2,T1,T0/{((T6,T5,T4+1)-(T6,T5,T4))
T3,T2,T1,T0/16

n

i



Step 2 The address fromthe index register is held on the ROM address
bus and the correspondi ng value, P11, is enabled out of the data ROM and

| oaded into register D. The index register is 5 i ncrenent ed
to point to P12. Step 3 Do nothing while allowi ng set up tinme for the
new address. 10 Step 4 The contents of the index register is enabled
onto the ROM address bus. Step 5 The address fromthe index register is
hel d on the ROM address bus and the correspondi ng val ue 15

of P12 is enabled out of the data ROM and4loaded into register A Step 6
The contents of register Dis enabled onto the bus and subtracted from the
val ue held in 20 regi ster A The result of the
subtraction, P12gPllph$ Loaﬁaﬁ.;ilrit)@ register A Step 7 The contents of

regi ster A are enabl ed_ont h s, and | oaded into register M 25 Steps
8-14 Increnent tHhe™i hdéx* rgﬁé%"tepelr#%ven times to point to P21. (The nunber

seven arises bec®useQ8+véRu@sTare stored for each control paraneter) 30

Step 15 The conten of, 1 a
address bus. St e%t 16TP§1T e“gf}1 mq&&%gbiﬁ@ipﬁ o2 qlpq%%t(?l%@dl on 35

dress fromthe |1 ndex register is

the ROM &ddress =hfdl anéIPZJth%ll)c%T(rPéngﬁHi'ﬁgTS(1’22“?11 P12-P21)

Before executing the instruction the following data

should have been loaded into the 3 registers as shown:

10 Register A = 6,0,0,0,0,0,0,0,0,86,85,54,83,82,51,50
(speed) .
Register B = 0,0,0,0,0,0,0,0,0,7T6,T5,7T4,73,7T2,T1,TO
(torque) .
Register D = msal5,msal4,msal3,msal2,msall,msall,msaldg,
15 msab8,P1,pP0,0,0,0,0,0,0.
Step 0-3

Logic shift right register A by 4 bits. This discards
83,82,81,80.

20 Step 4-7

Logic shift right register B by 4 bits. This discards
T3,T2,T1,TO.
Step 8-10
. Logic shift 1left register A by 3 bits.
. 25 86,85,584 in the correct location. .
Step 11 '

This puts

Add register A to Register B. This generates the 6 LSBs
of the address.

Step 12

30 Add register D to register A. This generates the address
of the base point in the table P1l1.
Step 13

Load the index register with the address of the base
point P11.



36 value, P21 is enabled out of the data ROM and | oaded into regi ster B.
The +ndex register is increnmented to point to P22. 5 Step 17 Do
nothing while allowing set up tinme for the new address. Step 18 The
contents of the index register are enabled onto the ROM address bus. 10
Step 19 The address fromthe index register is held on the ROM address
bus and the correspondi ng val ue, P22 is enabled out of the data ROM and

| oaded into register A 15 Step 20 The contents of register B are enabl ed
out onto the bus and subtracted fromthe yglue held in register A The
result of the subtraction, P22 - P21 is |oaded into register A. The signal
20 whi ch generates the clock enable for the programe
counter and instguebipn regi ster and resets the step counter, is asserted.

ngr?eXt IFStFUCLéQ@ Lﬁeeggg e€01ﬁ% é¥ éq‘34%3¥%fagﬁﬁ @ﬁ”% r%Fé Tr Berr]

[err] [err]_£§9_$§114 [err] [err] [err] [err][ngl]
[err] [err] Increh&ht ] tHd iddds R scker bl sl 86f khat it pohBEE] at
5 P21 in the matrix.
Step 23

Load point P21 into register A.

Step 24

Subtract register D from register A and put the result
10 (P21-P11) in register A.

Step 25

Transfer the contents of register A into register B.

(P21 -P11) to B.

Step 26

15 Increment the index register by 1 so that it contains the

address of point P22,
Step 27

Load point P22 into register A.

Step 28-35

20 Decrement the index register by 8 so it contains the

address of point P12.
Step 36

Load point P12 into register M.

Step 37

25 Subtract register M from register A and put the result in

register A (P22-P12).
Step 38
Subtract register M from register A and put the result in
register A (P22-P12+P11i-P21).
30 Step 39

Transfer the contents of register A into register M (P22-
P12+P11-P21) .

Step 40
Load point P12 into register A.



[err] [err] [err] [err] P21 J[err]P22 J[err] [err] [err]

[err] [err] [err] [err] [err] [err] [err]

[err] 30 [err] [err] [err] [err] [err] [err]

[err] [err] [err] [err] [err] [err] [err] [err]
[err] [err] [err] [err] [err] [err] [err]

[err] Table 8 37 Table 8 is an exanple of an 8-by-8 table starting at
address $CO. If P11 is at address $D3, increment the index register once to
get to $D4. Steps 8-14 above increnment #he index register seven tinmes -

it goes from5 $D4 to $DB, i.e. to point at P21. The index register is
i ncrenented once nore, in step 16, to point to P22, i.e. $DC. An exanpl e of
the code in whi cBteRetlable read 10 instruction could be used is: LDD B

&TEMPO ; boBtra¢egiefieted miftdom tbgister Quandt pit e ief restlt SN #$3
;shift left by the esgégqfs a¥§;§¥ hs 15
%y 8 *

. r 1

;equivalent to mif i pryrng B A ;transfer the contents
of register B ;t&tepgidter A CLC ;clear the carry prior to
an additi og ADC &hEVMBE instructiom.add in the speed table offset to 20

;give the position of P11 relative to ;the start of the data table

At the end of the instruction the following partial
results have been calculated:

10 Register A = P12-P11l
Register B = P21-P1l1
Register M = P22-P12+P11-P21
Register D = P11

15 The result P may now be routinely calculated using
existing microprocessor instructions as detailed below:
Assume S*16 is stored at address $S and T*16 is stored at
address $T. The maximum value of S and T is 1 and thus

20 they are stored as 16 times their wvalue.
STR A & TEMPO :TEMPO contains P12-P1l1
STR M & TEMP1 :TEMP1 contains P22-P12+P11-P21
STR D & TEMP2 :TEMP2 contains Pl1

- 25 ‘LDD M & S :M contains S*16

MUL, SL, UL :D contains (P21-P11)S*16
TXR D A :A contains (P21-P11)S*16
RORN #5$4 :A contains (P21-P11)S
LDD B &TEMP2 " :B contains P11

30 CLC . :Clear carry
ADC B :A contains P11 + (P21-P11)S
STR A &TEMP2 :TEMP2 contains P11 + (P21-P11)S
LDD B&TEMPO :B contains T*16

IL.DD M & ST :M contains P12-P1l1



STR A &TEMP2 ;store the relative position of P11 ;for future use

CLC - ;clear the carry 25 ADC #$60 ;add in
the start point of the chop ;level data table TRD3

;1 ssue
tabl e read instruction STR D &TEMP4 ;store the contents of register
D, ;P11, to a tenporary |ocation 30 STR B &TEMP5 ;store the
contents of register B, ; P21,

to a tenporary location STR A &TEMP6
;store the contents of register A ;P22-P21, to a tenporary |location LDD B
&TEMP3 ;load register B wth fhe value 38

; 65536*(S-S1)/ (S2-S1) generated from;a scan of the speed table.

;assunes t hat t wo tabl e scan ;instructions have already been 5
;carried out andMUth&lcdicul ati ons ;:dorentaigenerxd-@1165%36 (S-S1) and 65536

(T T1) (S2-S1) txgr p A (T2-T1) t e u Ry stored in 10
tenporary | ocat1ons. MJL UL, SL K CEWQaYQL F?iirﬁ%l)ﬁﬁs?gned register B
by :signed regi KN WB12-P11), theA contains (P21 Pll)T

LDD B &TEMP2

Thi s

:B contains P11 + (P21-P11)S

5 CLC
ADC B :A contains P11 + (P21-P11)S+(P12-
:P11)T
STR A &TEMP2 :TEMP2 contains P11+ (P21-P11)S+ (P12-
:P11)T
10 LDD B &S :B contains S*16
LDD M &T :M contains T¥*16
MUL, UL, UL :D contains S*T*256
TXR D A :A contains S*T*256
RORN #S4 :A contains S*T*16
15 TXR A M :M contains S*T*16
LDD B &TEMP 1 :B contains P22-P12+P11-P21
MUL, SL, UL :D contains (P22-P12+P11-P21) *S*T*16
TXR D A :A contains (P22-P1l2+P11-P21) *S*T*16
RORN#S$4 :A contains (P22-P12+P11-P21) *S*T
20 1DD B &TEMP2 :B contains P11 + (P21-P1l1)S+{(P1i2-
:PI1L)T
CLC :
ADC B A contains P11+ (P21-P11)S+(P12-

:P11) T+ (P22-P124P11-P21)ST, i.e. the
25 :required value, P.
The invention thus provides a method of interpolating

between parameter values in a sparse matrix that may be

regular or irregular. By swapping partial results of the

30 interpolation between registers,

storage space is needed.

minimal use of other
The reduction in storage space
is accompanied by a reduced programme code. The

combination of these two features allows significantly

less programme memory to be used and the programme cycle



;result being in registers A and D CLC ;clear the carry 15

ADC &TEMP4 : ;add the stored value P11 to the top ;16-bits of
(P12- P11) *65536*(S- ;S1) /(S2-S1) STR A &TEMP3 ;store the result of
the addition, ;Pl, to a tenporary |location 20 LDD M &TEMP6 ; | oad
register Mwith P22-P21 LDD B &TEMP3 ;Ioad register B wth the

val ue ; 65536*(S-S1)/(S2-S1) MJL UL, SL ;mul tiply unsigned

register B by 25 45 S|gned register M the result
being ;in A and D CLC ;cl'ear the carry ADC &TEMP5
;result of the addition is P2 30 SEC ;set the carry

prlor to a subtr@gﬁé(nb,Henggbugtlon SBC &TEMP3 ;calculate P2- P1

TXR A B ;transfer the contents of register A ;to register B 35
LDD M &TEMP1 ;load register M with the value 39

;65536*(T-T1)/(TEET&ﬁlgedaraaedatemn1xscdﬁningkihbedopqmeonahmatNUUuSL,UL
,mul tiply signed; f@ghSis&l Bn( Bé- Dhplemented in processing systems other
5 than the ASIC-based SR controller described. Thus, while
the present invention is susceptible to wvarious
modifications and alternative forms, specific embodiments
have been shown by way of example in the drawings and
description herein. However, it should be understood
10 that the invention is not intended to be limited to the
particular forms disclosed. Rather, the invention is
intended to cover all modifications, equivalents and
alternatives falling within the spirit and scope of the

invention as defined in the appended claims.



; by unsigned register M5 CLC ;clear the carry ADC
&TENP3 ;add P1 to (P2-P1)*65536*(T-T1)/(T2- :T1) STR A &CHOP
;store the result of the addition to ;a location predefined as the chop 10
level store. Note that discarding the bottom 16;“‘“”“““ Elmmlll plication
result has the effect of dividing by 65535. 15 T 98l on
concerns interpolation in an irregul ar sparse mat'riX ih which i't is
necessary to determ ne the gradi ent between stored values, i.e. the rate of
change between stored val ues, at given addf®ss 20 ordi nates, between
which the interpolation is required. The invention can also be inplenented
In a regular spar trix for which the spacing between the ordinates is
constant. 25 ggg%ggs'e t he spaci ng between the ordinates is constant,
there is no need for the iterative process described previously and
implenmented in;, thg mnek@lle of SEAkAgkiYehi QRS a | Ped&adinghe@idinat e
of, say, speed which lies imedi ately bel ow the ,specified speed can be 30
i dentified i meditS&EF HPAGARSF T dik '{(‘J‘Fﬁg on ?&E(%i & P e PHPAIAET
spaci ng betsmeen tveduer,di natessphistimxanpl ean Fiigpne Iérdihewe,a fagul an
2-di nensi onal matJ4 | h CkRg: %ng n 4t | | ch
the speed is stora{adéi.%e%ﬁ%?,e g\gyggg ggghgé o) 1%}1?% rgég%fggé gé%ﬁetw
values at mémory locations having at least

dimensional addresses,

one

the method comprising for each
dimension of address:

10 determining first and second memory location

addresses between the contents of which is the target
parameter value;

loading the parameter value held at the first
address into a first register;

15 loading the parameter value held at the second
address into a second register;
subtracting the contents of the first register from
the contents of the second register to produce a
parameter difference;
20 loading the parameter difference into a third
register;
multiplying the contents of the third register by a
gradient value to produce a proportioconal value;
loading the proportional wvalue into the second
25 register; and
add{ng_;he contents of the first register to the
contenﬁé of the second register to produce the target
parameter value.
30 2.

A method of interpolation in a processing system
between parameter values to derive a target parameter
value, corresponding to an input ordinate, from an
addressable memory device containing discrete parameter

values at memory locations having at least one



40 speed value for interpolation of the torque, then dividing 71 by 16
gives 4.438. Taking the whole numwber, 4, indicates that the |ower ordinate
is the fourth imthe table above zero, i.e. 4 times 16 = 64. This enables
the 5 i dent i i ' “m\““ﬂ“:ower ordinate to be achieved in a single
pass®t hrough the\“mg“m AkCr opr ocessor. Using the nonenclature
defined above for=the irrd&gufar matrix, the process for interpolation of a

regular matrix 10 can be illustrated S follows. A sparse matrix with
its addresses is defined as follows: nsal5,’ nsal4, nsal3, nsal2, nsall,
nmsal O, nsal9, nmsal8, 15 P1, PO, S6, S5, S4, T6, T5, T4; where S6, S5, S4
are the 3 MSBs Ofj@edsPblasPegdrsiRal @l Jbonbs TéofiS dihg FJBBS. & 2
7-bit torque signal. Pl and PQ define the type of paraneters stored in the
matrix defined, S3™BRFIPR,Chyrddrgspy PO 0 0 CHOP 0
1 ON 1 _ de®ermining EM&%S and second memory llocation 1
OFF moals, . ma0fshselbes AUULess | thi NEofal RAY WAL (1E AL el Ser
| ocat ed. The equations to solve are

5 parameter value;

loading the parameter value held at the first
address into a first register;

loading the parameter value held at the second
address into a second register;

10 subtracting the contents of the first register from
the contents of the second register to produce a -
parameter difference;

loading the parameter difference into a third
register;

15 multiplying the contents of the third register by a
gradient value to produce a proportional value;

loading the proportional wvalue into the first
register; and
subtracting the contents of the first register from

the contents of the second register to produce the target
parameter value.

20

3. A wmethod as claimed in claim 1 or 2 in which the
first and second memory location addresses are determined
-t 25 by:

pointing an index to one memory location in a
sequence of memory locations in one part of the memory
device holding values of ordinates corresponding to the

parameter values held in another part of the device;
30 loading the input ordinate into the second register;
loading a first ordinate held at the one memory
location pointed to by the index into the first register;

comparing the ordinates held in the first and second
register;



30 Let S = S3, 52, SI, SO/((S6 S5, S4+1) - (S6, S5, S4)) = S3,S2,S1,S0/16 Let T
T3, T2, T1, TO/ ( (T6.T5, F4+1)—F6-F5;T4)) T3, T2, T1, TO'16 41 Q = P11 +

(P21-P11)S. R = P12 + (P22- . P=Q+ (R—QbT. P = P11 +
(P21- P11) S+TP12 E +TS(P11- P21) 5 = P11 +
(P2%- P11) S+( P12 -P12-P21) Before executing the instruction

the foll ow ng dat'a shoul d have been | oaded into the 3 regi sters as shown:

10 Regi ster A = 0,0,0,0,0,0,0,0,0, S6, S5, $4, S3, S2, S1, SO (speed).

Register B = 0,0,0,0,0,0,0,0,0,T6,T5, ?ﬁ T3, T2, T1, TO (torque). Register
D = nmsalb, nsal4, msal3, nsal2, nsall, nsalo, nsa09 15

TRAS,PL0.0.0.0.0 Bile Shep s ik LS SLAR L9 Sl 1 L
4 bits. This dinsedr d@m‘PSYT:QOClEltIF@ igt élpeasemlence if the result of the
comparison is not of a predefined character;

repeating the said comparison of the first and
second registers after loading the next ordinate held at
the next memory location in the sequence into the first
register;

adding a predetermined value to the index pointing
to the one memory location address of the first ordinate
to define the second memory location address in the other
part of the device if the result of the comparison is of
the predefined character; and

10

shifting the index in the other direction by one

address space to define the first memory address in the
15 other part of the device.

4. A wmethod as claimed in claim 3 in which the gradient

value is determined by:
loading the ordinate at the one memory location in
20 the sequence into the first register; |
loading the ordinate at a previous memory location
in the sequence into the second register;

subtracting the contents of the first register from

the input ordinate to produce a first
25 difference;

ordinate

loading the first ordinate difference into the third
register;
subtracting the contents of the first -register from
the contents of the second register to produce a second
30 ordinate difference;

loading the second ordinate difference into a fourth
register;

dividing the contents of the third register by the
contents of the fourth register; and



Logic shift left register A by 3 bits. This puts 25 S6,S5,$4 in the
correct | ocation:—Step—ti-Add-register A to Register B. This generates the

6 LSBs of the addr¢ - Add register Dto register A. This
generates .t he addmﬂmw Lﬂ H | point in the table P11. Step 13 Load the
i ndex register wi it t he base point P11. 42 Step 14 Load

the base point of the table, P11 into register D. Step 15-22 Increnent the

i ndex register by 8 so that it points at 5 P21 in the matrix. Step 23
Load point P21 into register A. Step 24 Stdbtract register D fromregister A
and put the result 10 (P21-P11) in register A Step 25 Transfer the
contents of register Ajhg (RO SLEN B of Rh BHL1L B SE%Ahient

value. -

5. A method as claimed in claim 1 or 2 in which the

5 first and second memory location addresses are determined
by:

dividing the input ordinate .by the value of a
spacing between ordinates, corresponding to adjacent
parameter values, to produce a dividend;

10 discarding the least significant bits of the
dividend to leave a value comprising the most significant
bits; .

shifting an index in one direction by a number of

memory location addresses equal to the said value to
15 point to the first memory location address; and
shifting the index in the one direction by one

memory location address to point to the second memory
location address.



[——————— b

15 Increnment the index register by 1 so that it contains the address of
poi mt P22. Step 27 Load point P22 into register A Step 28-35 20

Decrenment the index register by 8 so it contains the address of point P12.
Step 36 Load point P12 into register M Step 37 25 Subtract register M
fromregister A and put the result in register A (P22-P12). Step 38
Subtract register Mfromregister A and put the result in register A

(P22- P12+P11-P21). 30 Step 39 Transfersphe contents of register Ainto
register M (P22- P12+P11-P21). Step 40 Load point P12 into register A

43 Step 41 Subtract register Dfromregister A and put the result in

regi ster A (P12- FHHSTRRGI 42 5 End of instruction.

MATRIX INTERPOLATION

5 "A method of memory matrix interpolation in an ASIC
processor requires a reduced amount of programme code and
memory space in the interpolation routine by shifting
values in the interpolation routine between shift
registers and overwriting redundant data in the shift

10 registers with intermediate results.

Figure 8



At the end of the instruction the follow ng partial results have been

cal cul ated: 10 Regi ster A = P12-Pl1 Register B = P21-Pl1 Register M=
P22- P12+P11- P21 Register D = P11 15 The result P nmay now be routinely
cal cul ated using existing mcroprocessor instructions as detail ed bel ow
Assuire S*16 is stored at address $S and T*16 is stored at address $T. The

maxi mum value of Sand Tis 1 and thus 20 they are stored as 16 tines
their value. STR A & TEMPO L\f@Econt ains P12-P11 STR M & TEMP1

: TEMP1 contai ns P22-P12+P11- P21 STR D : TEMP2 contains P11 25
LDD M & S M contains S*16 MJL, SL, UL : D contains
(P21-P11)S*16 TXR D A : A contains (P21-Phl1l)S*16 RORN #$4

: A contains (P21-P11)S LDD B & TEMP2 :B contains P11 30 CLC
:Clear carry ADC B A contains P11 + (P21-P11)S STR A
&TEMP2 : TEMP2 [contains P11 + [P21-P11) S LDD B&TEMPO B
contains T*16 LDD M & $T M %ont ains P12-Pl1 44 MUL, SL, UL

: D cont ai ns|f[P12- P11) T416

24
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. e e+

TXR D A
contains (P21-P11)T LDD B &TEMP2
CLC ADC B
&TEMP2

:B contains S*16 LDD M &T

D contains S*T*256 TXR D A

A contains S*T*16 15 TXR A M
&TEMP 1
(P22- P12+P11-P21)*S*T*16 TXR D A
(P22- P12+P11- P21) *S*T*16 RORN#$4

A contains P11 + (P21-P11) S+(P12-
: TEMP2 contai ns P11+(P21-Pl ) S+(P12-

B contains P22-P12+P112£%1 MUL, SLUL

A contains (P12-P11)T*16 RORN #$4 L A

: B contains P11 + (P21 P11)S 5
:P11) T STR A
PILT 10 LDD B &S
:Mcontains T*16 MJULUL, UL

A contains S*T*256 RORN #%$4

:Mcontains S*T*16 LDD B

: D contains
: A contains

DA contains

(P22- P12+P11- P21) *SET 20 B &TEMP2 < ntal P11 +
(P21- P11) S+(P12- 1)T CLC B A @dntaln
P11+(P21- P11) S+(P P11).T+4

:required valu P‘A»The

bet ween par anet
irregular. By
registers, m 2]
st orage space_:

SPI
30

ADDRESS
SPILLDATA.IN

PR

CONTROL_SIGNALS

&3
ADORESS \ 35
> s
DATAOUT p~ 36
KA
ALS
3%
338

*fronTRoL i

_COUNTER
PROG.C & 3z
MICROPROCESSOR
28

PROGRAMME
DATA_N

4!
29

t her storage s

: 22-P12+P11- P2T° T, i e 5
: i B on thus provig a net r pol ati ng
al ues ih|a sparse matrix_{h t nay ry or
i K ilal results of t rpm tj on between
Ce |s ne reduction in

D

BUFFER
"

DATA_GUT

SPI_DATA_QUT
SR_DATA.QUT

39
47
S

2

Fig. 2

SR_DATA.OUT
R4
FIRING SIGNALS L;.

SR CONTROL
32

ADDRESS
+ SROATAN

26
CONTROL_SIGNALS,

(S
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is acconpanied by a reduced programme code. The conbi nati on of
these two features allows significantly | ess programe nenory to be used

and the progranme cycle 45 time to be rapid. It will be apparent to the
skilled person that the invention can be inplenmented in processing systens
ot hef 5 than the ASI C-based SR control |l er described. Thus, while the

present invention is susceptible to various nodifications and
alternative forms, specific enbodi nents have been shown by way of exanple
in the drawi ngs and description herein. 3/Powever, it should be understood
10 that the invention is not intended to be limted to the particul ar
fornms disclosed. QRather, the invention is intended to cover al

modi fi cati ons, eqeflval ents and alternatives falling within the spirit and

scope of the inven\ion as defined in the appended cl ai ns. 46 CLAI MS: 1.
A nmethod of interpohation in a processing system between paraneter val ues
to derive a target—parareter—5 ahue, corresponding to an input
ordinate, from gn addressable ngnory device containing discrete paraneter
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val ues at nenory | ocations having at |east one dinensional addresses, the
met hod conprising for each dinension of address: 10 det er m ni ng
first and second nenory |ocation addresses between the contents of
which is the target paraneter value; |oading the paraneter value held at
the first address into a first register; 15 | oadi ng the paraneter
val ue held at the second address into a second register; subtracting the
contents of the first register fromthe contents of the second register to
produce a paraneter difference; 20 4/9 | oadi ng the paraneter
difference into a third register; multiplying the contents of the third
regi ster by a gradient value to produce a proportional value; |oading the
proportional value into the second 25 regi ster; and-pddi ng the contents
of the first register to the contents of the segand regiSter to produce the
target paraneter value. 30 2. A net hodj of gt-nt er porgtion in a
processi ng system betwegn paraneter values t¢ defrive a rget paraneter

val ue, corresponding tolan input ordinate, ff§opehqaddressan e nory
devi ce containing discrgte paraneter va urs mengry | ocatijns|_hhvi ng at
| east one
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47 di mensi onal addresses, the nethod conprising for each dinension of
address: determning first and second nenory | ocation addresses between the
contents of which is the target 5 par anmet er val ue; |oading the
paranmeter value held at the first address into a first register; |oading

t he paraneter value held at the second address into a second register; 10
subtracting the contents of the first register fromthe contents of the
second register to produce a paraneter difference; |oading the paraneter
difference into a third register; 15 5/9 mul tiplying the contents of
the third register by a gradient value to produce a proportional val ue;

| oading the proportional value into the first register; and subtracting the
contents of the first register from 20 the contents of the second
register to produce the target paraneter value. 3. A nmethod as clainmed in
claim1 or 2 in which the first and second nenory | ocation addresses are
determ ned 2Bhase by: pointing an index to one nenory |location in a
sequence of pgweity | ocations in one part of the nenory device hol ding

val ues of ordinatgs corresponding to the

— CHOP LEVEL

Angle




paraneter values held in another part of the device; 30 | oadi ng
the 4 nput ordinate into the second register; loading a first ordinate held
at tthe one nmenory | ocation pointed to by the index into the first register;
conparing the ordinates held in the first and second register; 48
shifting the index in one direction to point to a next nmenory |location in
the sequence if the result of the conparison is not of a predefined
character; repeating the said conparison of the first and 5 second

regi sters after |oading the next ordinaté/Beld at the next menory | ocation
in the sequence into the first register; adding a predeterm ned value to
the index pointing to the one nenory | ocation address of the first ordinate

10 to define the second nenory | ocation address in the other part of
the device if the result of the conparison is of the predefined character;
and shifting the index/Ng the other direction by e address space to
define the first nmenor ddress in the 15 ot Merrpart of the device. 4.
A method as claimed igjclaim3 in which the gradcent val ue is detern ned
by: |l oading the ordi rate} at the one nenory Iocaﬁg in 20 t he sequence

into the first reqgisteg:

REGISTER
512x8

—";:> DATA ROM
_EN

CLOCK N
RESET >
M

PROG_ROM_EN
RO

T\

DATA-
37

PROG_QUT
AD

PROGRAMME
ROM
1536 x 8
ADDRESS TRANSLATION
2
PAGE SELECT

PC
PROG..ROM_EN
I
ROM_ADDR
PAGE_SELECT
B

23



| oadi ng the ordinate at a previous nenory |location in the sequence into the
second register; subtracting the contents of the first register fromthe
input ordinate to produce a first ordinate 25 di fference; | oading
the first ordinate difference into the third register; subtracting the
conténts of the first register fromthe contents of the second register to
produce a second 30 ordinate difference; |oading the second ordinate
difference into a fourth register; divi,dixynhg the contents of the third

regi ster by the contents of the fourth régister; and 49 storing the
result of the division as the gradi ent val ue. 5. A nmethod as clainmed in
claim1l or 2 in which the 5 first and second nenory | ocati-on addresses
are determ ned by: dividing theannput ordinate by the value ofja spacing
bet ween ordi nates, correspondingdto adjacent pargneter val ue to produce a

di vidend; 10 di scardi the least significant bitg ofv the
dividend to leave a value conprising the nost gipgnificant bits —
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shifting an index in one direction by a nunber of nenory |ocation addresses
equat to the said value to 15 point to the first nmenory | ocation
addiess; and shifting the index in the one direction by one nenory |ocation
address to point to the second nmenory | ocation address.
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