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ABSTRACT

The quest for an improvement in the dynamic behavior of
prostheses for above-knee amputees has lead to the development of a
versatile prosthesis emulator, based on a computer controlled
magnetic particle brake (MPB). The MPB is capable of providing up
to 300 in.-1bs. of dissipative torque at the knee. Its torque
output can be made an arbitrary function of the inputs to the PDP-11
computer from the instrumented prosthesis. This system has been
used to evaluate a variety of knee contral schemes, both
conventional and untested in a man-interactive setting. However,
the required connection to a stationary computer limits the value of
the system. Walking trials are constrained to be within the range
of the umbilical cord to the computer. This limits accessability to
amputees, limits the realism of the trials themselves, and provides
no basis for a commercial prosthesls, once an optimum dynamic
profile has been determined.

This thesis presents a Motorola MC6800 microprocessor-based
controller design, in language understandable ic the mechanical
engineer, which eliminates those difficulties. The design
specifications are formalized, the electronic hardware is fuliy
described, and the simulation of a sample knee control algorithm is
presented. The thesis concludes with a design evaluation and
recoarendations.

Thesis Supervisor: VWoodie C. Flowers
Title: Associate Professor of Mechanical Engineering
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CHAPTER |—-INTRODUCTION

1.1 The Prcblem

The work of this thesis is part of the MIT Knee Project, a
research effort determined, eventually, to produce a blueprint for
dynamically optimal ‘prostheses for above-knee (A/K) amputees. So
far, two computer controlled prostheses have been built and operated
simulating the knee dynamics of a variety of conventional prostheses
(1.e., constant friction, damping proportional to velocity, etc.)
as well as some unconventional, previously untested types of knee
control in a man-interactive setting. The first prosthesis is
hydraulically powered and is capable of responding to computer
conmands with positive power at the knee. The second prosthesis, to

which the work of this thesis is directed, is a passive device only
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capable of providing dissipative torques at the knee by a computer
control)led, magnetic particle brake (MPB)/transmission system. Both
prostheses are fully instrumented to provide the computer with heel
contact, toe contact, angular position, angular velocity and knee
torque information. The MPB prosthesis, in addition, has torque
feedback control for the MPB. This allows direct control of brake
torque with the appropriate signal at the reference input of the
feedback controller.

Although use of these two prostheses with an on-line PDP-11
in the MIT Knee laboratory has produced some significant results in
terms of evaluating knee control and characterizing amputee
behavior, the simulator system is limited by the size of the
controller, the cabinet-sized PDP-11. With a portable controller,
able to be carried inside the prosthesis or in a purse-sized
carrying case, the passive MPB simulator would be made more mobile.
Accessability to amputee test subjects would be enhanced since the
system could be taken to clinics and hospitals. Walking trials,
during which the amputees evaluate the implemented control modes,
would become more realistic in that the amputee's range would not be
limited by the umbilical cord from the stationary computer.
Furthernore, a resident controller is a necessary development toward
a commercially available optimum prosthesis. |

The prosthesis controller must be versatile. It must be
capable of simulating the control modes of current interest and it
must be capable of implementing more complex, anticipated control

schemes. Among the dntlcipated schemes are those involving
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electromyographical (EMG) control and those which change control
mode as the type of gait (i.e., walking, running, climbing stairs,
etc.) 1is changed. Consequently, the device must be able to perform
arithmetic computations and make logical decisions quickly.

This thesis proposes a microprocessor-based controller to
meet the need for a versatile, portable control system for the MPB

prosthesis.

1.2 Specifications

The technical specifications for the controller are as

follows:

A. Costs less than $500

B. Capable of handling up to 6 analog inputs with 8-bit
resolution

C. Capable of producing one analog output with 8-blt
resolution

D. Able to be installed in the prosthesis or carried in a
small satchel

E. Able to perforam the most complex control algorithns in
under 20 milliseconds

F. Control programs must be quickly interchangeable

G. Must operate for 12 hours on a modicum of batteries
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These specifications were determined in a meeting of the Knee
Project on 17 PFebruary 1977. 8-bit resolution of the 1nput§ and
outputs implies an accuracy limit of &.4% of full scale for reading
and writing data. It was decided that thls accuracy is sufficient.
The 20 millisecond turnaround time limit was experimentally
" deternmined to be the longest delay time not noticeable to the
amputee. The cost was deterained by budgetary constraints, and the

remaining specifications define the portability requiremént.

1.3 Dedicated-task Microprocessor Approach—Block Oiagram Dascription

To incorporate the versatility of a digital computer and the
portability of a transistor radio into the controller design, a
microprocessor, the Motorola MC6800, was chosen as the fundamental
building block for systeam design. In this application the
microprocessor's sole function is to calculate MPB torque based on
the inputs and according to the program stored in memory; hence, 1t
is called a dedicated task microprocessor system. The scheme is

presented in overview in the following two sub-sectionms.
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1.3.1 Overview of Microprocessor and Memory

The microprocessing unit (MPU) and the memory are the heart
of the system. The MPU is similar to the central processing unit or
CPU of a full scale computer. However, its instruction set (i.e.,
its 11st of elemental operations) is more limited; its input/output
(1/0) control is less sophisticated; and its speed is slower'than
that of the full CPU. The memory is the storage device for both
progran and data. The basic unit of stored information is the byte.
(In most microprocessors, including the MC6800, a byte is an 8 digit
binary number in which each digit is called a bit. The bits are
labelled from the leftmost bit to the rightmost, by-bp.) The memory
is organized so that each one byte storage location has a binary
address or addresses to which it is unique. There are two types of
memory, read-only-memory (ROM) and random-access-memory (RAM). ROM
is used primarily for program storage and fixed data storage, since
the MPU cannot change its contents. RAM is used as a scratchpad for
intermediate conputatiénal results and as a temporary buffer for
short term storage; the MPU can change its contents. Easy
reprogrammability can be accomplished by mounting the ROM in
sockets. Then, the program can be changed by simply unplugging the
current ROM and replacing it with another.

The MPU acts as the organizer for system operation as Qell
as the arithmetic logic unit. When the system is started up, the

program counter (PC), a register (i.e., a location containing a
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binary number) in the MPU, is set to a value specifiable by the
programmer. The binary number in the program counter corresponds to
'the address in memory of the first instruction. The MPU reads the
byte corresponding to that address and interprets it as an
instruction. The program counter is incremented, pointing to the
next ;equential location in memory. 1If the instruction requires
arguments, they are read from the sequential memory locations,
always incrementing the program counter after each program byte 1is
read. Instructions tell the processor to A) manipulate internal MPU
registers, B) access (read/write) any location in the memory, or C)
manipulate the contents of external memory locations. (A detailed
example of instruction execution is given in the last paragraph of
2.1.3.) When the execution is complete, the next instruction is
taken from the address specified by the program counter. This may
be the next sequential memory location or, if the last instruction
changed the program counter, any other memory location. In this
manner, a program is_executed.

The memory acts only as support for the MPU. When the ROM
is given an address, its job is to provide the MPU with the contents
of the location. When RAM is given an address, its job, depending
on whether the MPU is making a read or write, is to make the

specified location availbie for the action.
1.3.2 Qverview of Imput/Cutput Components

When the tin man got & heart, he already had eyes and a
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mouth. To complete the controller system, input/output (I1/0)
capability must be provided. The system must be able to convert
information in byte form (digital information) into continuously
variable (analog) voltage or current and vice-versa. . The latter is
compatible with the MPB and the knee instrumentation, whereas, the
former i1s not. Analog-to-digital (A/D) and digital-tc-analog (D/A)
converters controlled by the MPU via a programmable interface (i.e.,
information 1ink) buffer perform these functions. The programmable
buffer is called the peripheral interface adapter (PIA). It is able
to simultaneously handle two channels of data, each moving a byte of
dat~ in either direction. Jurthermore, the FIA can generate control
signals for the peripherals (the D/A and A/D, in this case) at MPU
command and it can present interrupt requests to the MPU if the
microprocessor allows it. (An interrupt causes the program counter
and all of the other internal registers to be saveq. The program
counter is then loaded with the starting address of thz special
interrupt program. -This program attends to the special case for
which the interrupt vas generated. When the interrupt program is
finished, the internal registers are reinstated and the main program
is continued.) In the system configuration, the A channel of the
PIA 1s used for input and the B channel is used for output. To
expand the input section to handle 8 different inputs, an MPU
controlled multiplexer is provided. The multiplexer controls which
input goes to the A/D at any tinme.

To input data, the MPU first selects the appropriate
multiplex channel. The MPU then programs the A side of the PIA for
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the A/D conversion. It does this by writing into two PIA registers,
which it sees as addressable memory locations. The now-pr&grammed
PIA sends a signal to the A/D telling it to start the conversion.
When the successive approximation A/D is complete, the result is
stored in the PIA data register. At the same time, the converter
signals the PIA which in turn presents an interrupt request to the
MPU. The MPU acknowledges the request and begins the interrupt
program. This program writes into the PIA control register to
inhibit further conversion and then reads the result from the data
register. Control is returned to the main progran.

To output data,.the MPU progrﬁms the B side of the PIA only
once in the beginning of the control program. As above, programming
is done by writing into PIA registers which look like memory
locations. The system is configured so that the D/A continuously
converts the byte stored in the B side data register into the
corresponding analog signal. As the MPU updates the contents of the

data register, the analog output is automatically updated.

1.4 Purpose and Scope of this Thesis

The purpose of this thesis is fourfold. First, it provides
a microprocessor-based control system design which meets the
specifications outlined in Section 1.2. Secondly, it fully describes

and documents the controller's hardware (the electronics) and its
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operation in language understandable to the mechanical engineer.
Chapter II is dedicated to the hardware. It is intended as a
pedagogical tool as well as a technical document. Third, this
thesis in Chapter III provides an example of software development
(the development of the program stored in memory, 1i.e., the
software). That chapter is a description of the implementation of
the Ideal Swing-Phase control algorithm [4]. Implementation was
simulated on the MC6800-based Exorciser (Motorola tradenanme)
microcomputer system. Finally, Chapter IV evaluates the design in

1ight of alternatives and in light of possible uses.
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CHAPTER II—HAROWARE DESIGN

a.1 Background

Implementation of the scheme presented in Section 1.3
requires full underétanding of the byte and its constituent bits,
i.e., what can a byte represent, how is a byte represented
electronically, and how may a byte be manipulated. When these
questions are answered, it will be easy to view the controller as a
machine which manipulates electronicaily represented bytes and uses

thea according to what they represent to perfora its function.
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a.1.1 What Can s 3yte Reprssent

Depending on its context, the byte can represent a number of
different things. In the simplest case, the eight bit binary number
may represent 4n integer from 0 to 255. In this, the unsigned binary
representation, by; 1s the most significant bit (MSB), and by is the
least significant bit (LSB). A byte may represent a signed integer
in two wcys. If the byte represents a signed binary number, it may
have a value from -127 to +127. The magnitude is determined by bg-
bg, evaluated as an unsigned binary number, bg being the MSB. If
by, the sign bit, is 1, the number is negative, otherwise it is
' positive. If the byte is interpreted as a 2's complement number, it
may have a value from -128 to +127. If b; is 1, the value is
'negative. Its magnitude is determined by changing the value of each
bit (the Boolean negate operation, ~bob, ), adding 1 to the result
and evaluating the -sum as an unsigned binary number. If by is
positive the byte value is the same as the unsigned binary value. A
byte may represent any cther quantity if it is interpreted as being
multiplied by an implicit scale factor. For example, the 2's
complement byte 1000000 (=-128) may represent -352 ft.-lbs. if the
implicit scale factor 1s 2.75 ft.-1bs. The accuracy of this
representation is limited by the scale factor. The byte can only
stand for integral multiples of 2.75 ft.-1bs. Hence, a value of
4.132 ft.-1bs. can only be approximated as either 2.75 ft.-1lbs.
(by 00000001) or as 5.5 ft.-lbs (by 00000010). The byte is said to
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resolve the full range of representations into increments of the
scale factor. The accuracy limit is called the resolution. If the
scale factor is divided by the full scale range, a percentage of the
full scale to which the binary representation is accurate results.
This 1s the percent resolution and is constant for a given number of
bits in the byte. This use of resolution appears in the
specifications.

A byte may be interpreted as an instruction. In the
appendix (pages 74-76), a list of MC6800 instructions appears. On-
those tables in the columns labelled OP, two-digit hexadecimal (base
16) numbers are listed. Those hexadecimal numbers correspond to
unsigned 8-bit binary numbers, which, when read as instruction bytes
by the MPU, cause the appropriate operation to be performed. For
example, when the MPU reads the byte 00111110 (hexadecimal 3E, where
A-F represent 10-15) from the memory as an instruction, the walt for
interrupt operation (op coluan listing 3E) 1s performed. (Note:
The hexadecimal notation used in the Motorola document will be used
to represent bytes or double bytes <two bytes strung together to
constitute a 16-bit binary number> in the remainder of this thesis
for the sake of text economy. This will be done without the use of
a subscript indicating base 16; the context will indicate the
notation. If one realizes that by grouping bits four at a time
starting with the least significant four and evaluating the groups,
he can obtain the hexadecimal value <as demonstrated below in Figure

1>, conversion can be done



MPU-BASED 18 ' KNEE CONTROL

binary 00111110 parses to 0011/1110
00115=3,4 $ )
1110,=E;q 3 E
the result is 3E;4 as in the text.

Figurs 1 - Hexadecimei-to-Binary Conversion

by inspection.)

A byte may represent a memory location. As mentioned
earlier, each memory location has an address, which, in the case of
the MC6800, is a 16-bit unsigned binary number. To each address,
there must correspond only one memory location. Consequently, two
bytes, one representlhg bys-bg and the other by-by of the 16-b1t
address, specify a memory location. In some cases, 1if b,g?bs are
all zero, a single byte is sufficient to represent a nmemory
location.

Finally, a byte may be viewed as a collection of bits which
are interpreted indﬁidually or in groups. Bits have two different
states, "1" or "0"; these states have been alternatively viewed as
"true" or "false", "on" or "off", "high" or "low", and "yes" or
"no". Expanding this to the general case, a bit may be used to
represent anything which has only two states. A byte; in which by
indicates heel contact, b; represents toe contact, b,-bg 1is
1nterprefed as the last multiplex channel to be selected, and the
other bits are unused; 1is an example of this representation. As a

unit the byte is meaningless, but its constituent bits bear
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information.
a.1.2 How a Byte is Repressnted Elsctronically

with;n each integrated circuit component (IC), the
electronic representation of bytes is irrelevant to the designer.
However, when bytes are to be transferred from component to.
component, the electronic representation becomes important. Bytes
may be represented serially or in parallel. In serial mode, a
single circuit node sequentially represents each bit of the byte.
That is, during the first time period, the node stands for by;
during the second time period, the node stands for bg, etc. The
node exists as a conducting lead coming out of the IC (called a pin)
and is thereby externally accessable. (Together, the pin and all
the conductors wired to it are called a line.) In parallel mode,
exclusively used in the controller, there are 8 circuit nodes, each
corresponding to a bit of the byte. Consequently, there are 8 pins
emanating from the IC (or chip) for each one byte, parallel, 1/0
port. - In both representations, the value of each bit is determined
by the voltage at its corresponding node. (In the serial case,
"corresponding node" must include not only a physical place, but
also a time element.) A voltage close to the positive power supply
voltage represents a "1"; while a voltage close to ground (negative
supply voltage) stands for "O". Lines carrying two discreet
voltages are called digital lines. Using either mode, bytes can be

input if voltages are externally applied to the appropriate pins at
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the right time; and they can be output if voltages are internally
supplied.

There are some important considerations to be dealt with in
designing parallel 1/0 between components; the designer must
understand some details of the transfer of each bit. . First, he must
have a model of the output stage which puts the high or low voltage
at the output pin. Second, he must understand the characteristics
of the circuit behind the input pin (or pins if more than one input
is taken from a single output). And, third, he must have a model of
the line connecting them. For the digital logic chips used in this
. design, the output stagés when in the high state may be modelled as
a Thevenin equivalent network (see Figure 2, below) in which the
voltage source is 5 volts (the supply voltage) and the series
resistance is determined by computation from the device

specifications as follows:

Reg = (5 volts - Vo) / Ionwan

where Iouaax= maximum high level output current,
and Voy= the voltage output when Iou(m\.x) was

measured.

When the output is low, the model for this application becomes a low

voltage source with a maximua current rating above which the device
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Figurs 2—0utput Stage Thevenin Equivalent
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may fail. The inputs are characterized when the applied voltage
wants to go high as capacitors which require charging. A "i" level
is not garaunteed to be input to the device until the voltage on the
capacitor reaches a minimum threshhold. In some cases the effective
input capacitance is given in the device specs as Cq however, 1if
1t is not, a safe approximation can be obtained by assuming a
capacitance equal to test l:ad capacitance the manufacturer usgd to
determine the device's switching speeds. The threshhold voltage is
always given in the specs as Vmymn. When the input pin is held low,
it may be modelled as a current source. The current is given as
Inowo in the device data sheet. Lines connecting pins are modelled
as an infinite number of incremental resistances and capacitances in
the low pass filter configuration. Fortunately, such systems
represent pure delays, rather than waveform decomposers, as a single
pole would. This is because in a system with infinite poles, phase
{s linear in frequency. In this application, since the system is
relatively small and- the lines will be short, the delay is taken to
be negligable.

As a result of these models, the designer must be careful of
two things to insure successful bit tyansactions. If a low value 1s
to be transferred, he pust design so that the source currents from
all of the inputs (called loads) on the same line as the output do
not add up to a total current greater than that which the ocutput can
safely sink. If a high value is transferred, he nus; make sure that
the capacitance from all the loads does not slow the transfer down

to the point where overall system timing is incorrect. VWhen
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transferring bits from a chip of one type logic to a chip of the
same family (e.g., Transistor Transistor Logic, TTL, to TTL) the
designer need not concern himself with the above details, as the
manufacturer specifies that the output of any family device will
drive up to so many loads of family devices and still meet the other
specs. The number of inputs is called fan out. However, if the bit
is to go from a chip of one family to a chip from another, unless
the manufacturer states that his output will drive some number of
another family's inputs and the specifications at which it will do

so, the designer must consider the above.

2.1.3 How is a Byts Manipulated

Bytes are manipulated by the internal MPU hardware in
response to both software (the instructions read as bytes from the
memory) and externally applied hardware control signals. An
external control signal may be viewed as an independent bit, not
associated with any byte, to be input to the MPU. The bit is
represented electronically as a voltage and is constantly input to
the MPU via a pin corresponding to the control input which the bit
represents. 'Depending on the state of the control signal, {i.e.,
whether it is "high", "low™ or in transition, action is taken or not
taken. During one command, whether software instruction or hardware
signal, the MPU may manipulate bytes in any combination of the
following ways: input, output and alter in a prescribed manner

(command dependent). The ordering of these byte manipulation tasks
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is given by the internal MPU hardware's fixed interpretation of the
command. It is given in terms of MPU cycles, also called' clock -
cycles, the number of which vary from command to command. MPU
cycles are determined by an external clock circuit, the output(s) of
which oscillates from the high voltage 1, to the low voltage O.
Clock state transitions occur rapidly with a regular period
producing an approximately square wave(s). The MC6800 requires two
clock inputs, the ¢, input, and the ¢, input. ¢, and ¢, are 180°
out of phase. The rising edge of the ¢, clock, the transition from
low to high (sometimes designated ¢, = 1), delineates the beginning
of a machine (MPU) cycle. In the Appendix (page 77), there appears
a cycle-by-cycle summary of the MPU's 1/0 tasks for all of the
MC6800 instructions. Since byte alteration tasks are entirely
internal, there 1s no need to know their ordering.

For an example of command execution, consider the INC
instruction (Appendix, page 78) in the extended address mode (see
Chapter #3 for addressing modes). This instruction INCrements (by
1) the value in a memory location specified by the two bytes whose
addresses follow the instructions address. (In general, the
instruction is referred to as the operation; and its corresponding
byte, the op code. The contents of the memory location to be used
in the operation is called the operand; and its address, the
operand address.) This instruction requires 6 MPU cycles. When ¢,
rises, starting the first clock cycle of INC, the MPU's two byte,
parallel output port designated for address (called the address bus,
having 16 lines, Ajq-Ag, froa the MPU) 1s set by the program counter
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to the op code address in memory. Also, the MPU sets two
independent output bits, which control the interface to memory. One
is the Valid Memory Address (VMA) bit, which indicates that the
address on the bus should be acted on by memory, if it is 1. If the
VMA 11ne voltage is low, corresponding to a 0 bit value, the address
should be ignored. The other MPU generated control signal is on the
Read/Write (R/W) 1line. 1If the line is high voltage, R/W = 1, the
cycle is an MPU read data; 1f R/W = 0, it is an MPU write. In the
first INC cycle, both VMA and R/W are high, indicating that this 1is
a valid mexmory read cycle. The task timing 1s organized so that
data is never set up on the pins of the parallel, one byte, I/C port
(called the data bus) until half-way through the clock cytle, wvhen
¢2 goes high. When this happens, the op code is set up on the data
bus lines by the memory and i{s read by the MPU. The program counter
is then incremented to point to the next memory location, op code
address + 1. Reading the op code is the first cycle task of all
software instructions. 'The ¢; rise which starts the second clock
cycle, tells the MPU to set the address bus to the value of the
program counter to read in the first byte of the operand address.
Hence, the VMA line and the R/W line are 1s. When the ¢, clock goes
high, the high order byte, bits A;s-Ag, is read. The progranm
counter (PC) 1s incremented. The third cycle is similar, reading
the low order operand address byte, bits A;-A;. At the start of the
fourth cycle, the operand address is put on the address bus to read
in the opperand. VMA and R/W are still high. ¢, again governs the

actual read. The program counter is not incremerted since this read
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was not of an instruction or an argument. (An argument is the
byte(s) in the memory directly following an instruction, used to
further define it. In this case, the argument is the operand
address, not the operand itself.) During cycle 5, the VMA line 1is
low, indicating that the MPU will not be doing 1/0 and that the
address 1lines should be ignored. Presumably, it is during this
cycle that the MPU increments the operand, since it is now in an
internal register. The incremented value 1s output in the final
cycle. Hence, when ¢, goes high, the operand address goes on the
bus, VMA is 1, and R/W is 0. ¢,'s subsequent, high state causes the
incremented value to be returned to the location from which the

original data was taken.

2.2 The Procsssor—MPU, Clock, and Resst

This section starts the technical description of the
controller hardware, shown schematicly in Figure 3. A complete
description of each of the components can be found among references
(2,8,11,12,13,15]. In the schematic, the components represented as
boxes are IC's; the labels inside the periphery correspond to pins.
The labels include both the pin number, which describes the physical
location of the pin on the chip (if applicable), and a mnemonic for
the pinAfunction. The symbolicly represented components are

labelled once. It is assumed that the reader can identify the
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operational amplifier, the comparator, the transistors, and the
passive components. The symbols labelled with a 74 as the first two
non-fractional characters are transistor-transistor logic (TTL)
components. Each one performs a logical evaluation of the digital
inputs (as mentioned above 1=true, 0=false), according to what type
of component it is, and outputs the digital result.

Based on price inquiry to Cramer Electronics in Newton,
Mass., the price for the drawn system, including the mounting
hardware (component sockets, unetched printed circuit board, ett.),
would be under $400.

The pictured system, can be built on two printed circuit
boards, each about 2.75 inches square, which, when stacked, would be
about .75 inches high. This is based on a calculation of the area
required for the larger components (all the components that would be
packaged in dual-in-line, DIP, packages), multiplied by two to allow
spacing and rooam for the smaller components.

In the schematic, the MPU chip and the clock module are
labelled explicitly. The reset circuit is comprised of the timer
IC, the passive components connected to it, the 7406 (symbolically
represented, labelled elsewhere), and the resistor connected to it.
Since the clbck and the reset circuit, which sets the progran
counter to its initial value during power-on startup, are both
essential to the MPU's operation, the three can be viewed together
as perforaing the processor function. The following four sub-

sections describe details of the processor "unit".
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a.2.1 Tha Processor's internel Workings—the Nitty Gritty

The voltages to the clock inpute of the MPU, labelled ¢, and
¢2 in the schematic, have specified requirements in the time domain
given in the appendix (page 81). These specifications describe what
can be approximated as two square waves (in the frequency range of
.1-1.0 MHz), 180° out of phase which never overlap (i.e., both waves
can never be in the high state at the same time). The approximation
accounts for the fact that a perfect square wave can not be realized
.in a real system because of finite state transition t'ines,
overshoot, and other unavoidable dynamic phenomena. The
specifications, in this case 4nd in others to be presented later,
quantify the allowable (or even the required) deviation from the
approximation. The specified clock input is obtained in the
controller system by using the Motorola MC6870A Clock Module ([8)
(see output waveform-in Appendix, page 82) designed to have pins ¢ N
and ¢ N connected directly to the ¢; and ¢, pins of the MPU as shown
in the schematic. The clock module was chosen to have the maximum
running frequency of 1.0 MHz implying an MPU cycle time of 1
microsecond. The »Clock Module also has available a ¢, output for
use by the other sy-sten components in synchronizing their actions
with the MPU. This output, labelled ¢,T, is able to drive 5
standard TTL inputs. ¢,T leads ¢,N by a minimum of 15 nanoseconds
to accomodate system delays (discussed in subsequent sections).

The reset input to the MPU, labelied RES with a bar over it
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(indicates the negate of a "true" signal,i.e., a n"false", causes the
action which the mnemonic describes; called RES-bar), deals with
power-on initialization. When the pbwer goes on, the MPU wants to
see the reset input held low for at least 8 machine cycles after the
supply voltage, Vgc, reaches its steady state value of 5 volts.
When the reset line goes high, the first clock cycle after the next
¢, rising edge 1s used to read location FFFE;e. The details of read
operations will be presented in the next subsection. The byte read
is used as the most significant, or high order byte of the 16-bit
program counter. The next MPU cycle is used to read location
FFFFye, Which is used as the low order byte of the initial PC value.
In the third cycle, the initial PC value is put on the address bus
to bring in the first progranm instruction and the MPU is off and
running. The circuit used to provide the reset input 1s a minor
modification of the circuit Motorola suggests [9] (shown with its
output waveform as Figure 4). The circuit is based on the 555 timer
[13]. The timer's operation is based on two comparators, a flip-
flop and a dicharge transistor. A block diagram of its internal
structure is given as Figure 5. The comparator connected to the
trigger input, pin 2, compares the analog voltage at that pin to 1/3
Voo, if the input voltage is lower, it causes the flip-flop to set
the timer output to "1" and makes the path from the dicharge pin
(pin 7) to ground look like an open circuit. The comparator
connected to the threshhold input, pin 6, compares the analog
voltage at that pin to 2/3 Ve, If lt' is higher, the internal flip-
flop sets the output to "0" and makes the discharge pin to ground
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Figure 5—555 Timer Block Diagram
(Source: [11D

path look 1like a closed circuit. Hence, with the external
components as shown in the schematic, the timer output behaves as
follows: 1) When the power is turned on and reaches a sufficlently
high'ievel that the timer can operate (min. voltage which
3darantees operation listed in spec. sheet as 4.5 volts), both
capacitor voltages will still be below 1/3 Vge. 2) Hence, the
output is set to "1" and the dicharge path is open. 3) This allows
the threshhold RC circuit to charge the capacitor. The time
constant for this RC is 400 ms. It will charge up to 2/3 Vee in
about one time cons;ant. 4) When the RC gets to that value, the
output 1s reset to low and the discharge path is closed. The
threshhold capacitor is discharged. S) By this time, the trigger RC
circuit has gone four of its time constants; so, the capacitor
voltage is very close to Vgec. Hence, both the trigger and
threshhold inputs are stable in this configuration and no more
action will occur until the power is next turned on. To produce the
waveform in Figure 4, the output from the timer must be negated ("1"

vol tage made zero and "0" made one, the Boolean negate described
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above). This 1s done using a 7406 inverter, which outputs the
digital opposite, "negates", the input. This is a digital logic
component from the TTL fanily; so, there 1s no problem driving it
with the 555 which is specified to drive TTL. The resistor
| following the inverter is used because the output of the 7406 is a
special type called "open collector". Open collector outpqts make
available at the output pin of the chip the collector of an NPN
transistor to ground as shown in Figure 6. The transistor represents
a short to ground when the output is low and an open circuit to
ground when the output is high. Consequently, with the external
resistor, the output pin, when high, acts as the model presented
above with a Thevenin equivalent resistance equal to the resistor,
and, when low, acts as the model above with the current limit equal
to the collecter-emmitter current limit of the transistor. This
.output drives the reset of the MPU and the PIA with no problen,
holding the line down for 400 ms, allowing the clock to start up
(crystal clocks take about 100 ms after full voltage to start) and
" count 8 cycles (.008 ms at 1 MHz) with room to spare.

Internally, the MPU performs the system organization and
arithmetic logic functions according to the software instructions
and the hardware inputs of which resat is an example. Performance
of these functions requires the MPU to work with bytes internally,
to deal with memory, and to deal with controller system 1/0. The
hardware view of the latter two funcﬁions are presented from the MPU
standpoint in following sub-sections. The internal byte

manipulation hardware need not be considered. The only hardware
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inputs used in the controller system, besides the reset (which can
be viewed as within the processor "unit"), are the interrupt request
and the data bus enable. When the MPU pin labelled IRQ-bar
(interrupt request, active low), is brought low externally, an
{pterrupt of the MPU's action may be caused after the current
software instruction is processed. The internal handling of an
interrupt, briefly explained in 1.3.2, is presented in more detail
in the last paragraph of 3.1.1, after the internal machine structure
is described. The data bus enable (DBE in the schematic) is used to
tell the MPU when the data bus should be read from or written to.
The input to DBE is taken from the ¢,T output. When it is high,
'during the second half of the machine cycle, the data pins are in
their normal read/write mode. When the DBE is low, the data pins go
into a high impedance, inactive mode. In this state, the MPU data
pins look like very high impedance inputs from the outside, and they
are unable to read data on the bus. Other hardware inputs on the
MPU chip include the halt input (labelled HALT in the schematic),
the non-maskable interrupt (NMI), and the three-state control.
These unused inputs are available on the MC6800 largely for
applicational versatility and are coamonly used in larger systems
for single cycle execution, and direct memory access. In this
systyem, these inputs are connected to the appropriate voltage level

for normal operation.
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2.2.2 How the Processor "Sees” Memory

The processor has 16 address pins, allowing it to access 218
or 65,536 different memory locations. Since this system only has 2K
(2,048) bytes of ROM (2 Intel 2708s [2]), 128 bytes of RAM (Motorola
MCM6810-L (8]), and 4 locations for PIA registers (Motorola MC6820
(8]) on the address bus, each memory location can be specified
uniquely using only 12 pins. (22 1s 4,096, greater than the number
of memory locations.) Hence, only address pins A;s, Ajs, and Ag-Ap
are used to address memory. The other address pins are not
connected to the memory location selection circuitry. This
arrangement is described graphically in Figure 7, the MPU's memory
map shown below. In the memory map, the bit values of each of the
address lines are shown for different types of memory; X's stand
for variable bits, which when set to 1 or 0 specify a location in
the memory type, and D's stand for don't care, that is, 1f all the
other bits are set to values according to the map, the location 1is

specified regardless of the values of the D's.

D D D D X X X X X X
ROM 1 X D D D D X X X X X X X X
PIA 0o 1 D D D DD D DDDUDX

Consequently, when the MPU sets address FFFF on the bus, it

addresses the same location as it would had it put out address C3FF.
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- From the MPU's standpoint, each location has several addresses;
however, as stressed earlier, each address only has a single
corresponding location.

During an MPU read cycle (a machine cycle in which a read
from memory 1s to occur), the MC6800, with an address delay, tap, of
no more than 300 nanoseconds from when ¢;N reaches 4.7 volts, will
have the address lines, the R/W line, and the VMA line properly set.
Motorola states that this will occur even in the case of the maximum
load, one standard TTL load (Ip=1.6mA, C,,>15pF) ([8]. The MPU
guarantees that by the address delay time the MPU will have thosg
lines up to a voltage of at least 2.4 into the TTL load if the
output is to be high, and will have them down to below .4 into the
TTL if the output is low. This works well with TTL threshholds,
since standard TTL reads voltages greater than 2.0 as "1", and
voltages less than 0.7 as "0". In the read operation, the address
lines carry the variable address, while the R/W and VMA carry 1s.
In reponse to these-signals, the MPU expects the memory to supply
the data bus with the value of the location before 100 nanoseconds
prior to the time when ¢,N falls below 4.7 volts. 100 nanoseconds
is the data setup tinme, tpspminy required for the read operation;
100 nanoseconds of correct data must be provided to‘the MPU before
é2N falls putting the data bus in the high impedance state via DBE.
Near the end of the read cycle, the MPU holds the address lines, the
R/W, and the VMA line at their values for at least 50 nanoseconds
after ¢ N goes below .3 volts. This is called the address hold
time, tpy. The MPU expects that the aemory will hold the data on
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the bus for at least the minimum output data hold time, ty (=10ns),
after ¢,N goes below .3 volts. Since, the actual value read is the
value on the bus when it is disabled, this insures that the data
does not change before that occurs. The read timing is shown below
in Figure 8 (Source: (8]). |

During a write cycle, the address setup information
presented for a read still applies; however, the R/W line is set
low to indicate a write. After this, the MPU sets the data to be
written into memory on the data bus. This is done in no more than
225 nanoseconds, the data delay time for a write (tppw), after the
DBE line from ¢,T goes above 2.0 volts enagbling the data pins. The
MPU holds the data on the bus until at least ty, 10 nanoseconds,
after the DBE falls below .8 volts. With this information, the MPU
'expects the memory to read the output and toc store it in the
addressed location. The write timing information is presented below

as Figure 9 (Source: [8]).

2.2.3 How the Procsseor Views System Output

The MPU controls the system output through the B side of the
PIA by writing into its internal registers. These B side registers
can be accessed in either direction (input or output) in the same
way as nemory, except that there are three internal registers and
they have only two addresses. The address of the B side control
register, CRB, is 4003. The functioning of various aspects of the
PIA is determined by the values of the low order 6 bits in the (fRA
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MC6800

MAXIMUM RATINGS

Rating Symbol Value Unit This device contains circuitry to protect the
Supply Vaitage Vee -0.3t0+7.0 Vdc inputs against damage due to high statc volt-

_0. X va ages or electric fiaids; however, it is advised tMt

nout Voltage Vin 310470 5 < normal precautions be taken to avoud applica-
Qperating Temperature Range TaA 01t +70 c tion of any voitage higher than maximum rated
Storage Temperature Range Teq -55to +150 ¢ voltages ta this high impedance circuit,
Thermal Resistance 8)A 70 o9cw

READ/MRITE TIMING Figures 2and 3, f = 1.0 MHz, Load Circuit of Figure 6.

Characteristie Symbol Min Typ Max Unit
Address Delay tAD - 220 300 nt
Peripheral Read Access Time tacc - - 540 ng
*sce ™ tut = (tAD * tOSR!
Oata Setup Time (Read) tosR 100 - - ns
Input Data Hoia Time tH 10 - - ns
Qutput Data Hold Time ™ 10 25 - ns
Address Hold Time {Adaress, R/W, VMA) tAH 50 75 - ns’
Enable High Tima ior OBE Input teH 450 - - ng
Data Oelay Tima (Write} 00w - 165 225 ng
Processor Controis®
Procassor Cantrol Setup Time tpcs 200 - - n
Processar Control Rise and Fail Time tpCr. 1PCH - - 100 ns
Bus Available Delay t18A - - 300 ns
Three State Ensble tTSE - - 40 ns
Three State Oelay TsD - - 700 ns
Dats Bus Enable Down Time Curing ot Up Time (Figure 3) tDBE 150 - - ns
Oata Bus Enable Delay (Figure 3} tO8ED 300 - - n
Data Bus Enable Rise and Fall Times (Figure 3) tDBEr. tDBEY - - 25 ns

*Aaditianal information is given in Figures 12 through 16 of the Family Characteristics — see pages 17 through 20.

FIGURE 2 - READ DATA FROM MEMORY OR PERIPHERALS
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MC6800
EIGURE 3 — WRITE IN MEMORY OR PERIPHERALS
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byte (the details of which will be dealt with in Sections 2.4 and
2.8). It 1is only these 6 bits of the CRB which can be directly
written into by an MPU write. If the value of b, of the byte in CRB
(CRB;) 1is set to 1, the other PIA B address, 4002, represents a
second internal register, the output peripheral register. This
register contains the value on the peripheral line, in this case the
line to the D/A. If the value of CRB, were 0, the address, 4002,
would allow MPU access to the third B side internal register, the
data direction register (DDRB). Each bit in DDRB corresponds to a
bit in the peripheral output register; 1if a DDRB bit is 0, the
corresponding bit in the peripheral register is used as an input, 1f
1, as an output. The MPU accomplishes system output by writing into
the CRB and the DDRB, setting up the peripheral register as an
output port. As the MPU subsequently writes into the peripheral
register, the written value is put on the peripheral lines and
becomes the new digital signal which the D/A converts into the
output. Hence, after the B side of the PIA hes been programmed
once, system output appears to the MPU to be the same as a memory

write.
2.2.4 How the Processor Views System Input

The MPU views the A/D through the A side of the PIA. Just
as in the case of the B side, there are three registers and two
addresses; their operation is similar to that of the B side. CRA
has address 4001 and DDRA/peripheral register A have address 4000.
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As opposed to the system output, however, the input control requires
setting the PIA to signal the A/D to begin and to signal the MPU
with an interrupt when the A/D routine is complete. Hence, the PIA
must be conditioned in a more complicated way and eaqh time an input
is to be read. Programming the PIA is still done using only reads
and writes into the appropriate registers (the details of which will
be dealt with later). The final write intc CRA starts the A}D on
the conversion algorithm. When the algorithm is completed, as a
resqlt of the setting of the PIA, that device signals the MFU by
bringing the IRQ (interrupt request) line dowa to a 0. In this
system, since this is the only possible cause for an interrupt
request, the MPU recognizes the request and immediately starts
attending to the A/D. Using a write into CRA, the MPU halts further
;onversion; then it reads the result of the routine, now on the
PIA's peripheral lines, by reading the peripheral register. The use
of the A/D is governed, then, by MPU reads and writes. It may be
viewed from the MPU as a special part of memory.

The other aspect of the system input which the MPU must
control is the analog input multiplexer. This is done using the
otherwise unused address lines, A;3-Ajo, in a dummy read or write
statement. The nultiplexing circuit is configured such that when
address line A;2 is high, the binary value represented by A;;-A g
(Ajo being the least significant bit) is stored and applied to the
multiplexer. This binary number, representing decimal 0-7, when
applied to the multiplexer causes the analog channel with the same

number to be input to the A/D. For example, the MPU's reading of
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location 2400 not only causes the internal storage of the contents
of the lowest memory address (also known as location 0000, since the
bits which represent the 2 and 4 are in don't care columns), but it
causes the multiplexer to be set to channel 1. Any memory access
cycle in which the most significant hexadecimal digit of the address
is 2, 3, 6, 7, A, B, E, or P has a one on the A;3 pin and will set
the multiplexer to the channzl represented by Ayz-Ajpe. In this

manner the MPU selects the input channel.

2.3 Memories—RAM, ROM, and Select Circuits

The memory in the system is based on three chips, two ROM
and one RAM. Each ROM contains 1024 locations addressable through
10 address pins on the chip. The RAM has a 128 byte capacity, with
locations selectable through 7 address pins. On the three chips,
the address inputs are labelled Ay through Ay or Ay, depending on
the chip. These pins are connected to the address bus. That is, Ag
on the memories 1s on the same line as Ay from the MPU and so on.
In order to nake a memory location unique for a given address, As
and A,4 are used to select only one chip from the three (and the PIA
which is also on lines A; and Ay of the address bus). This is
conceﬁtually simple in that two bits can represent four different
things. How it works is the high two address bits can be viewed as

being decoded to a one-of-four output, in which each one is applied
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to the chip select input of one of the ICs. Hence, for any given
value of the high address bits, only one chip 1s selected. The
remaining connected address pins uniquely specify the memory
location.

With the hardware schematic, the memory map, and the MPU
read and write timing information (pages 28, 37, 40, and 41,
respectively) in mind, the byte transfer interactions from the RAM's
viewpoint are as follows (RAM requirements for read and write are
presented as Figures 10 and 11, respectively. The actual worst case
signals wlth'which it is presented in this system configuration for
read and write are presented as Figures 12 and 13): Whether in read
or write mode, the RAM wants to see a stable address at its address
pins at least 20ns before it is enabled (selected). It wants to see
the stabilized R/W signal, also, before it is selected. When it 1is
selected, its behavior is dependent on whether the mode is read or
write. Looking at the pre-transfer setup, using the ¢; clock's
positive going crossing of the 4.7 volt threshhold as time=0, it has
been shown above that the address information and the R/W line from
the MPU is stabilized before time=300ns. This occurs with maximum
load. The RAM, the ROMs, and the PIA (the four loads on the address
bus) represent a load which is significantly less than the standard
TTL load used to determine the delay time; they are all NMOS
devices which have less input capacitance, less input low current
(by almost three orders of magnitude), and the same (1 volt higher
for the ROM) input high threshhold. Thus, the address delay on the
bus should easily meet the 300ns specification, andmthe RAM will see
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MCM6E810A

AC OPERATING CONDITIONS AND CHARACTERISTICS
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the address and the R/W before 300ns. When the RAM sees the chip
select signals is a more complicated matter due to the delays from
the symbolically represented low-power Schottky (LS) TTL gates which
manipulate the control bit outputs from the processor. Furthermore,
the actual internal chip select is only generated when all of the
external chip select pins are in the selecting state. (Chip select
pins are labelled on the schematic starting with the letters CS or
CS-bar.) For the CS0 select, the RAM sees the logical result of VMA
AND ¢,T. This means that the chip will not be selected until there
is a valid memory address and the ¢, half of the machine cycle has
started. The logical result is obtained using two 2-input NAND
gates. Each NAND gate performs the logical AND operation and
negates the result to produce the output. The first gate produces
the NAND of VMA and ¢,T; the second gate produces the NAND of the
- result and 1, which is equivalent to a negate. So, the overall
result is the negate of the NAND or an AND. Neither the loa&ing on
é.T, nor the loading on VMA is greater than the specified maximum
lyad; so, they will appear as specified in their output data. The
timing of the CSO high input is delayed from t=0 by 445-475ns due to
the delay from ¢;N=1 to ¢,T=1. The two NAND gates add 18-37ns delay;
this is within their specs, since the loading they see is small
compared to their capability. Hence, the total delay is between
463ns and S12ns. The CSi-bar and CS2-bar inputs are driven directly
by the address lines, A;s and A;q4, Which are loaded within spec;
so, their delay from t=0 is 300ns maximum. Hence, the chip 1s

selected no earlier than at t=463ns, allowing no less thaa 163ns
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address (and R/W) setup time, easily meeting the 20ns requirement.

In a read cycle, the maximum time the RAM will take from
CS=1 to valid data on the bus is 180ns. This implies that relative
to t=0, the latest time at which valid data will appear to the MPU
is 692ns. This easily meets the MPU data setup time requirement,
tpspe After CS falls, the RAM holds the data on the bus for at
least 10ns after the address becomes invalid. Thus, the MPU's data
hold, ty, requirement is met. Data is read.

In a write cycle, the RAM expects & select pulse width of at
least 250ns, which the ¢,T AND VMA easily provides. In addition, 1t
requires a data setup time, tpsw, of at least 150ns before the chip
is disabled. The MPU requires a maximum of 225ns after ¢,T is high
to have valid datz on the bus. Relative to t=0, this may be no
later than 700ns; however, since the chip disable does not go low
until 918 at the earliest, the setup requirement is met. The MPU
easily meets the RAM's 10ns hold time requirement, since it becomes
disabied much later than the RAM and, even so, has at least a 10ns
hold period after that.

The reader may consider himself lucky to be spared such an
analysis for the cases of the PIA and the two ROMs, which are more
complicated due to the address decoding NAND gates and the delay
inherent in the power switching circuit involving the 2N2222
transistor. The analysis has been done and the MPU timing
requirements and the memory timing requirements have been met with
room to spare. One may perforam the above analysis for the other

memory elements using information presented in the data sheets for
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the involved components [2,8,15]. |

There are two features of the memory design which
distinguish it from a typical microprocessor memory design. First,
the power supply to the ROM 1s switched, such that the device which
normally requires 800 mW all the time only requires thet amount when
it s selected. When it is not selected the requirement is reduced
to 20 mW. So, even if one ROM or the other is selected 25% of the
time, which is a high estimate, the power savings 1s 1600 mW - 235
mW or 1365 mW. The second feature of the ROM is that it is a
special ultraviolet eraseable/reprogrammable chip. Since this
application 1s one in which the software, centained in the ROM, 1is
not fully developed and certainly not finalized, the
reprogrammability feature can be important. The erase/reprogram
instructions for the EPROM (eraseable programmable read only memory)
are presented in reference [2]. Additlonally, there are facilities
at MIT for reprogramming the Biomedical Engineering Center for
Clinical Instrumentation (now located in Bldg. 20) has hardware for

computer controlled EPROM programming, called promming.

2.4 PIA, A/D, and Muitiplexer: System Input

As mentioned earlier, the PIA is capable of being programmed
by MPU writes into the internal registers. The CRA is the primsary

programaing register for the A side, which will be exclusiveliy dealt
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with in this section. The state of the CRA determines the behavior
of the two 1-bit peripheral device control ports lgbelled CAl1 and
CA2 on the schematic. CAi may be used as an interrupt request input
only; 1its behavior is controiled by bits 0 and 1 of CRA (CRAp, and
CRAy) . In the configuration used for the A/D conversion,
CRAy=CRA;=1 (other configurations and their meanings are available
in reference [8]); This causes the interrupt request flag in the
CRA, CRA;, one of the MPU inaccessable bits, to be set high when the
CA1 pin is brought high. It also causes the IRQ-bar line to the MPU
to be pulled down when CRA; goes high, generating an interrupt
request. When the PIA is not being used for an A/D, CRAg is set to
0. This does not disable setting of CRA;, but it does disable the
IRQ-bar line to the MPU so no interrupt requests are generated.
Once CRA; is set, since it is inaccessable by the MPU directly, a
peripheral register read is required to reset it (i.e., make it 0).
CA2 may be used as an interrupt request generating input, or it mAy
be used as a peripheral controlling output signal, depending on the
state of CRAs. In this system it 1s used as an output to initiate
the hardware A/D conversion sequence, CRAs 1s set to 0. The behavior
of CA2 as an output is further controlled by CRA4 and CRA;3, a
sunmary of the various settings and their effects can be found in
ref. [8]. In this appiication, for initiation of the A/D routine,
CRA4 is set to a 1 so the value of the output on CA2 is the same as
the value in CRA3. The secondary programming register, DDRA, is set
such that the peripheral register is used as an input.

The system uses a modification of an external hardware



MPU-BASED 84 KNEE CONTROL

successive approximation type A/D converter presented in ref. [1].
This method of conversion was chosen because of its relatively fast
speed and low cost (see Figure 14, Source: [1], which compares A/D

techniques for the 6800). The basis for the successive

Sucosssive Approximation Ousl Ramp
8-8it 10-Bit 8.8it 128t 3'4-Digie 4°%4-Dqgit IA4-Dyit
Characteristic Sottware Software | Hardware Software Saftware Software Hardware
MC1405
8-8it DAC {10-8it DAC | &8it DAC MC1443%
External Hardware Qp Amp Op Amo SAR® MC140S MC140S MC1405 MC14558
Comparator| Comparator| Op Amp (for 7-sagment
Comparatar diolay)
183 us
Conversion Rate 700 us 1.2 ms 6Q us 165 ms 60 ms 600 ms (min) for
Constant | Constant | for MPU, {max) (max) (max) MPU, plus
plus A/D Vanable Variable Vanable A/D
Conversion Conversion
Time Time
Interrupt Capatnlicy Allowed Allowed Allowed Not Not Not Allowed
All A A" "1 A" pory
ber of M v L ions Required 106 14§ 42 84 296 ey 58
{Inctuding PIA Cantiguration)
Serial Qutput Avalable Yes | Yes Yes No No No No
s ive Apprc ximation Reg Y
FIGURE 1 — Relstive Merits of A/D Conversion Techniques

. Figura 14—A/0 Method Compariscn Chart
(Source: [1])

approximation A/D is as follows: 1) The successive approximation
register (labelled SAR in the schematic) 1is signalled to start
conversion by the M"J controlled CA2 output of the PIA going high.
2) The dual 4-bit counter (a device containing two 4-bit binary
registers. Each register can be reset, and can be incremented by
the rising edge of a digital signal to its clock input, if the
enable is held high and the reset is low.) 1is signalled to count
from zerc on its A side. It had not been counting on its A side,
since the A side enable was held low by CA2 and the B side, which
had been operating, was resetting it every other clock pulse, when

QBo was high. The change in state of the counter, came about by the
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rise of CA2 to 1. This reset the B side to disable any further A
side reset inputs, and enabled the previously reset A side to
commence count. In this new state, the A side counter output, QA,
the second least significant digit, has the effect of dividing the
the input clock frequency by four, providing a 250 kHz clock to the
SAR. The first rising edge from this clock comes 2 microseconds
after CA2 goes high, giving the SAR the necessary zetup time (a
listed parameter for the SAR [13]) between its SC pin high and the
first clock rising edge. 3) When the SAR recieves the rising edge
of the first clock pulse, it sets its most significant bit, Qo high
in less than 1200ns. 4) When the D/A (MC1408L-8 [11]) recieves this
high bit it sets up an output current (which settles to steady-state
in 400ns), which causes a voltage Qrop across the 1Kfl resistor,
such that an input voltage of greater than 1/2 full-scale (1/2 full
scale=1.35 volts) is required to keep the 710 comparator's plus
input above 0 volts. 5S) The comparator in 40ns outputs a high level
1f the input voltage is greater than 1/2 full scale and otherwise
outputs a zero. 6) The data from the comparator is input to the SAR
and on the next rising clock edge; 1f the data is high, Qg 1s'set
to 1 for the rest of the conversion. If the data is low, Q is set
to 0 for the rest of the conversion. In addition, the rising clock
edge causes the nevt lower significant bit to be set to 1 and the
process iterates again, each time checking to see 1f the current
approximation plus a 1 in the least significant bit tried so far
represents a voltage greater than the input voltage. 7) When the

last bit is tried, and the next rising clock pulse comes along,
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latching the value of the least significant bit of the input byte,
the SAR output labelled EOC, for end of conversion, goes high. This
1s input to the PIA through the CAl pin and causes an interrupt
request to be generated to the MPU. The MPU services the request by
immediately writing to CRA to bring the CA2 pin low. This halts
further conversion. The processor tﬁen reads the data from the
peripheral register, thus completing the input routine.

There are a few points of note. First, the 1lnput has an
implicit scale factor. At the very least the binary number
represents its integer value times 2.7 volts (full-scale input) /255
(full-scale binary 1nput). 1£, however, the input was caused by a
potentiometer measuring an angular displacement with a transduction
ratio of 1° per volt, the binary number would have an implicit scale
factor of 2.7°/25S. Thg second note is an explanation of why the
clock period is cut down to 4000ns when the delay time around the
loop 1s only 1640ns. This is because the response of the
operational amplifier to a change in current load 1s not known.
That is r~t one of the parameters given in the data books. Personal
communication with Motorola engineers resulted in the consensus that
it was of "secondary importance". The best strategy is to bulld the
circuit and try it, clocking the SAR with the Qo output of the
counter, which only divides by two. If it works, the hardware A/D
conversion time, now 32 microseconds, can be cut in half.

~ The multiplexer must be set to the appropriate channel
before the conversion is done. The multiplex channel number 1is

stored in a quad "D"-type flip-flop ([13] so that it can be made
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available to the multiplexer even when the address bits which
defined it no longer contain its value. A "D" flip-flop is a device
which stores and makes available at its output whatever data was at
its input when its clock input goes from low to high. The quad
flip-flop has four one bit inputs, which are stored and presented at
the output (called latched) when the clock goes high. To use this
device to latch the values of the address bits Alz-A° when A3 is
high, the lines A;2-Ajp are applied to the input of the flip-flop.
Clocking is done by the AND of (VMA AND ¢.T) and Aja. When the MPU
makes a dummy read or write to activate the multiplex latch, the
channel defining addresses are appropriately'set. Then, no sooner
than 121 nanoseconds later, the composite AND from above goes high,
latching the address. This 1is enough delay time between data and
clock to allow for the setup requirement of the flip-flop which at
absolute maximum is 120 nanoseconds. The resistors on the address
line and on the clock line are designed to be larger enough that
when the output is low, the output current sinking ability of the
driver is not exceeded; but small enough that, when the output is
high, the effective Thevenin reslstance of the output is decreased.
Use of resistors in this manner is to speed switching times. They
are called "pull-up" resistors. The multiplexer, itself is nothing
more than a bunch of swiches on a chip. VWhen a channel is not
selected, the rasistance from pin three to the input is very high
(on the order of 50M3); when it is selected, the resistance 1is
around 1050 Q. This is why the variable resistor is included in the

op-amp's feedback loop, to limit input voltage error produced by the
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input bias current dropping across the multiplexer.
2.3 PIA and D/A: System Output

Compared to the input, the output is simple. CB1 and CB2
are not used to control peripherals on the B side, so programming
the CRB, which is analogous to CRA, is easy. (Note: not shown in
the schematic is the fact that CB1 and CB2 should be conmected to
ground through 3.3KQ resistors. In fact, all unused inputs should
be connected to ground through resistors to prevent damage to
components by built up static charge, which in the case of high
impedance inputs can reach very high potentials.) All the bits of
CRB except CRB, may be zeros for the actual output operation. The
reason why bit 2 must be on is to make the output register
immediately accessable to memory. System output is performed by the
D/A cbntinuously, converting the current value in the peripheral
output register to an output current proportional to its digital
value. As the MPU updates the peripheral register, the analog
output is automatically updated.

2.8 Power Supply

The power supply for the system 1s expected to be batteries
carried by the amputee as he walks. Since some of the components in
this system, notably, the TTL, are sensitive to voltage, regulators

are used to keep the supply to the chips at a constant level. The
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regulators have capacitors to ground on both their inputs and
outputs so that nolse, both system generated and externally
generated will be kept out of the power supply. Each regulator was
chosen to be able to provide current to all of the system devices
using 1ts voltage at their absolute maximum current rating. The
absolute maximum power the system can draw is 3.8 watts, although,
this figure is not realistic. A typical system (i.e., based on the
typical power reqirements of the components) would have a power
requirement of about 2.1 watts. Mercury batteries can put out about
3.5 watt-hours per ounce; so, 7.2 ounces of batteries could keep a

typical systeam running for 12 hours.
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CHAPTER IlII—-SOFTWARE OEVELOPMENT: AN EXAMPLE

This chapter provides an example of the implementation of
the Ideal Swing Phase Control algorithm based on the Ideal Torque
and Ideal Velocity curves developed by C.W. Radcliffe et al. at the
University of California Biomechanics Laboratory. The algorithm was
presented by David Lampe in his Master's thesis (Reference [4]1), in
Which he describes iis implementation in the PDP-11 in the Knee Lab.
Its implementation, with some improvements, on an MC6800 based
microcomputer, the Motorola Exorciser [5,6,7], 1s described here.
The Exorciser implementation is designed to emulate the program were
it to be in the EPROM of the actual system. The shortcomings of the
emulation are as follows: A) Keyboard entry for input/output was
required due to lack of the special input/output hardware described
above. B) Hardware signals were unavailable, so their effect was

simulated using software routines which would not be included in the
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actual system.

3.1 The Problem: Algorithm Goal ve. Inatruction Capability

There are a limited number o: types of manipulations which
can be done by the 6800 in a single instruction. There are also a
required number of operations which must be performed to do the
control algorithm. The programmer must understand both of these
sets 1in order to bridge the gap between them. He must code patches
of instructions, using the available operations, which perform the
needed operations to allow the algoritha. The next two sub-sections
look at the two sets, and the following section describes the

bridge.

3.11 instructiona: The Program Building Blocks

The MPU has five internal registers, other than the PC,
which it uses for byte manipulation. There are two one byte
accumulators, accumulator A (ACCA) and accumulator B (ACCB). They
are used to contain bytes which are currently being operated on.
They are filled by read instructions called load operations; the
MPU is sald to load the accumulator. There is a stack pointer, a
double byte register, which is used to define an area of memory to

be used as & last-in-first-out (LIFO) buffer. For example, the
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stack pointer (SP) is set to some value before it is used, defining
the topmost address of the LIFO stack. When the instruction, push
accumulator A, is encountered, the contents of ACCA are stored in
the memory location pointed to by the SP, and the SP is decremented.
This may go on many times for different values in ACCA or ACCB.
When the instruction, pull ACCB, is encountered, the SP 1is
incremented and the last value pushed is loaded into ACCB. The
fourtﬁ register 1s the double byte index register (IX). This is
used when memory need be addressed, but the location 1s not known
until it is computed by the MPU. For example, if look-up tables
were used to find sine(x), where x 1s a computed value, each memory
location in the table might correspond to an x value; and the
contents to the sine(x). When x is computed, the IX would be set to
the value in which the appropriate sine was stored. The next
instruction might be a load ACCA in the indexed addressing mode.
That instruction wouid contain in its first byte, the fact that it
is an index addressed load of ACCA; the second byte would contain a
2's complement offset value to be added to the IX to determine the
location to be accessed. The offset vaiue does not change the
contents of the IX. In the above example, the offset byte would be
00. The final register is the condition code register (CCR). This
register is only six bits long, each bit representing a condition of
* some aspect of the processor., CCRy is 1 if the last operation
reshlted in a carry from the most significant bit of the bytes
involved. CCR; is 1 if the last instruction resulted in an overflow

of the 8-bit byte length, and so on. Complete specification of the
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conditions which set the various CCR bits appear in reference [10].
. The contents of.the CCR are used to determine whether or not
conditional branching to different parts of the program should be
done.

Operand location is specified by the op, code and the
argument (s) following it in memory. This is done through five
addressing modes of which indexed addressing, described above, is
‘one. The trivial addressing mode is implied addressing mode.
Instructions able to use that mode are defined in one byte, since
they do not use values from external memory to perform their
function. Immediate addressing uses the contents of the memory
location following the instruction as the operand itself. Direct
addressing uses the byte following the instruction itself to access
memory locations 0000-00FF; the value of that byte is the low order
byte of the address. Extended addressing is used to access any
iocation in memory. The first byte following the instruction proper
gives the high order-byte of the operand address while the location
after that gives the low order byte. There is actually a sixth
addressing mode, used only by branch instructions, called relative
addressing mode. In this mode, the location after the instruction
provides a 2's complement byte, which can be added to (2+<the
address of the branch instruction>), to provide the destination of
the branch.

In the appendix, pages 74-80, there appears a complete table
of the MC6800 instructions, which should be readable with the above
background and the legend of symbols used.
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The one actual hardware instruction, the interrupt, works as
follows: 1) the contents of the current MPU registers are pushed on
the stack such that the return from interrupt command (see page 76)
can restore them. 2) The program counter is set to the value
contained in the locations specified by address FFF8 and FFF9; the
former contains the high order byte and the latter, the low order

byte. 3) Normal instruction execution is continued.

3.1.2 The Ideal Profile Algorithm

The "Ideal" Profile control scheme dictates that during the
swing phase of the walking cycle (defined here to mean the time from
when the knee starts bénding, while still touching the ground, to
the tinme when it returns to the fully extended position, not
necessarily touching the ground), the torque at the knee, ¢, should
be given by the expression

2 (rW0)/2W®)) X (peta)

where 8=the knee angle input from the prosthesis (full
extension=0°; wga=the angular velocity of the lower leg,
relative to the upper=df/dt; and £(@) and «w(d equal the "Ideal"
values for torque and angular velocity, respectively, presented as a
function of knée angle by the C.W. Radcliffe and the Berkley group.
These paraneters are available in the Lampe thesis. During t‘he rest

of the cycle, the control routine is different. When the leg
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reaches full extension, the knee torque goes to the maximum value to
lock it there until heel contact is made. Heel contact unlocks the

brake, r=0, allowing the swing phase to begin.

3.2 The Implementation

If one looks at the expression (r (@) /w?(®), and realizes
that it can be viewed as a function of 8, the operations required to
perform the algorithm are simplified greatly. The first operation
necessary is a read of the varibles, 8, w,we and heel contact. @
is measured by a precision rotary potentiometer, which is turned by
knee movement. The algorithm vwas implemented assuming that the full
range of angles was between 0° and 127°; hence, the operational
anplifier feeding the A/D should be set to output 0 volts at 0° and
2.7 volts (full-scale for the A/D) at 128°. The input byte then
would have an implicit scale factor of .50°% (wectua 15 assumed to
have a range from -12.8 rad/sec to +12.7 rad/sec. The value 1is
derived by op-amp differentiation of the potentiometer output.
Since the the A/D can not handle negative input voltage, the
differentiator's signal should be blased to make the range of wWectuelS
produce voltages using the full input range. After the input, the
MPU 1is programmed to digitally remove the bias; hence, the scale
factor of the prepared byte is .1 rad/sec. Heel contact is measured

using a switch which should provide a voltage to the A/D above 1.35
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volts, if the heel is touching; and under that amount if it is not.
Of course, the threshhold is software determined, and can be
changed; this value is the assumption of the implementation.

The next operation required is a check to see whether or not
the knee is in the swing-phase. If it 1is, the program contlnues;
{f not, the trivial output for the appropriate case is generated.
If in the swing phase, Wy 15 squared. For th? sake of high
speed, the multiply subroutine uses a partial lookup table. The
multiply time is around 280ps. The multiply routine works by
storing the products of 4-bit by 4-bit multiplieé in address
locations 8000-80FF. If 4-bit numbers, X and Y are to be
multiplied, their product can be found in address 80XY or 80YX. The
aultiply routine takes advantage of this when multiplying two 8-bit
2's complement numbers (all internal data is taken to be 1n 2's
complement by the MPU for the purpose of arithmetic operations) by
first taking their absolute value, storing the sign of the result in
the process. It then parses each one into half bytes and

manipulates them, as shown below in Figure 15.
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(In this figure, capital letters represent
hexadecimal digits.)

If a=2Y and bsWV, then if caVxYaTU, d=WxY=RS,
e=2xV=PQ, and f=ZxW=MN, the product, axb, is
the result of the following sum.
00TV
+ ORSO

+ 0PQO
+ MNOO

Figurs 15—-Basis for Partial Multiply

When the multiply is complete, the program looks up the value of
(r (@ /w?(@®), stored in memory in 14 bits (to insure that the result
from the MPU is limited in accuracy onlt by the input resolution).
The scale factor of the 14 bit word is 3.588x10° in.-1b.-sec?,
chosen so that the final output of the MPU could easily be scaled.
As the next operation, the MPU multiplies the lookup value by the
value of w.m.F, using a procedure similar to the one presented in
Figure 1S5. The product is then scaled to make the output byte FF
correspond to an MPB torque of 300 in.-lbs., its maximum. The
result is then output, producing a current proportional to MPB
torque desired. The proportionality constant is 6.17uA per in.-1b.

The actual program appears in the appendix, pages 83-89. The
first column in the assembly listing presented there is the
statement number; the second, the address; the third, the op code;
and the fourth, the argument. The text includes a mnemonic for the
command (see appendix, page 74, for description), its argument, and

comments to assist the reader in following the flow. The addrssing
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mode is given in the assembly listing coded in the following way:
no argument--implied; #--immediate; $(meaning the following number
is base 16)followed by two digits--direct; $followed by £four
digits--extended; ,X--indexed; with branch instruction--relative.
The multiply tabie look-up data, also, appears in the appendix,
pages 90-95, along with the FORTRAN program used to generate it.
The lookup table for (r (@) /w?(®) is presented on pages 96-98. This
table was derived from reference ([4], by graphical interpretation.
Finally, on pages 99-103, a sample trace of the program 1is
presented, showing the values in the PC, IX, ACCA, ACCB, CCR, and SP
after each instruction has been executed. From the appéndices
containing the program and the text here, the interested reader
should be able to follow the program workings step-by-step. If
there is any difficulty, reference [7] will be helpful.

This program, in the actual system, would take about 2.5ms
to cycle once. This implies an update frequency of roughly 400Hz;
Lampe claims that his implementation on the PDP-11 only ran at
167Hz. The program requires about 403 of the available ROM space,
and about 12% of the available RAM space in the system. This 1is
without optimization of space requirement, which could free

considerable memory area at the expense of little time.
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CHAPTER IV—-EVALUATION ANDO RECOMMENDATIONS

Although evaluation is difficult until the system 1s built
and tested, it 1is clear that this design provides a basis for
microprocessor knee control that meets or exceeds all of the
specifications laid down in Section 1.2. The strengths of the design
are in the areas of input capability, software development, speed,
and progran capaclt;. The input specification is exceeded by two
inputs, permitting the use of inputs to vary control parameters on
site, without the necessity of reprogramming. Furthermore, the
availability of additional inputs provides less restriction on
possible control scheme ideas. The software development comes
rather easily, too, because of the relative antiquity of the MC6800.
There are many people familiar with its operation; and Motorola has
done an adairable job backing it up with a substantial number of

software development tools. These tools include devices like the
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Exorciser and the Resident Editor/Assembler, used in the work of
this thesis and available for the asking at MIT. The speed of the
MPU 1s such that control schemes eight times as complex as the most
complicated one implemented now (i.e., the "Ideal" profile
algorithm) may be realized. This indicates the viability of the MPU
design in applications involving multiple gait mode control and EMG
control. The viability is further indicated by the fraction of
total avallable memory space used by the system in implementing the
"Ideal™ profile algorithm.

The design's weakness is in the area of power consumption.
The power consumption of a 6800 system is necessarily less favorable
than that of some of the more recent microprocessors. For example,
the RCA COSMAC 1800 MPU requires 8=mW to operate, as opposed to the
6800, which requires about 600maw. That savings alone, not to count
power savings from less hungry system devices (like the clock module
<the 1800 does not have one, it uses an external crystal with an on
board oscillator> and the PIA) found with newer MPU systems, would
raduce the battery weight by 25%.

The system presented 1s certainly a starting point. The
application is a good one. Hopefully, this author‘s first
microprocessor design will be built and used by the Knee Project.
The familiarity gained by using an MPU system will better enable the
project to utilize faster, more powerful, less-power consuming
microprocessors when they become more available; and in the
meantime, the systea will eliminate the limitations of the current

prosthesis enmulator.
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CONDITION CODE REGISTEA NOTES:  (8:1 sa1 1¢ text 11 rua and Cloared otherwnam:

1 BtV)  Tarn Seuit = 100000007 ? iBit N} Test: Sqm ot af mast sigmilicant (MS) Byre « 17
2 ‘8t C)  Test: Resuit * 00000007 [ ] MitV) Tem: 2s itaw tram ol WS byrn?
3 (811 C)  Tesi: Qecimal vawue af most ngmficant SCO Characrer qreatar than nine? ] (8it ™) Tem: Nesult less than sera? ‘Bit 1§ = 1)

Kot cleared if oreviousy st 19 (A Load Condetion Code Reqisier tram Stack {5ee Soecias Ooereniant
4 19t V) Test: Qoerand « 10000000 priov 1o executian? 11 (Bt} Set when interrust cccurs. i orevigusiv -at. a lian Mauabie
H (8t V) Tesr: Cperand » 01111111 prior t9 execution? Interrust 13 required to enit the wai state.
(] 121t V) Test: Sat equal to resutt of NGSC after shilt nas occurred. 12 anl Sat according 1o the contenty of Accuruiator A.
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MPU-BASED 77 KNEE CONTROL
MC6800
SUMMARY OF CYCLE BY CYCLE OPERATION
Table 8 provides a detailed description of the informa- ware as the control program is executed, The information
tion prasent on the Address Bus, Data Bus, Valid Memory is categarized in groups according to Addressing Mode and
Address line (VMA), and the Read/Write line (R/W) dur- Number of Cycles per instruction. {In general, instructions
ing each cycle for each instruction. with the same Addressing Mode and Number of Cycles
This information is useful in comparing actual with ex- execute in the ssme manner; exceptions are indicated in
pected resuits during debug of both software and hard- the table.)
TABLE 8 - OPERATION SUMMARY
Address Made Cycle | VMA R/
and Instructions Cyclas = | Line Address Bus Line Data Bus
IMMEDIATE
ADC EOR 1 1 Qp Code Address 1 Op Cage
:25 ggﬁ 2 2 1 Op Code Address + 1 ] Operand Data
8IT SBC
CMP sus
(=24 1 1 Qp Code Address 1 Qp Code
I.Lgi 3 2 1 Op Code Address + 1 1 O?cnnd Oata (High Order Byte)
3 d Op Code Address + 2 1 Operand Data (Low Order Byre)
OIRECT
ADC EOR [ 1 Op Code Address 1 Op Code
ARD Loa 3 | 2| 1 | oocodeaddrensst 1 | Addrem of Operand
8IT SBC 3 1 Addrets of Operand 1 Operand Oats
CMP sus
CPX 1 1 Op Code Address 1 Op Coae
tgi 4 2 1 Op Code Address + 1 1 Address of Operand
3 1 Address of Operand 1 Operand Dats (High Order Byte)
4 1 Operand Address + 1 1 Qperand Data {Low Order Byte)
STA 1 1 Op Code Address 1 QOp Code
. 2 1 | OpCods Address + 1 1 Oestination Address
3 ] Destination Addrets 1 Irreievant Dats {Note 1)
4 1 Destination Address Q Data from Accumulator
STS 1 1 Op Code Aadress 1 Qp Cads
STX 2 | 1 | OpcCodeAddrenm+1 1 | Address of Oparand
L] 3 0 | Addresm of Operand 1 frraievant Data (Note 1)
4 1 Address of Operand [+) Register Data (High Order 8yte)
5 1 Address of Operand + 1 1] Register Oata (Low Qrder Byte)
INOEXED
JMP 1 1 Op Coce Address 1 Op Code
. 2 1 Qp Code Address + 1 1 Otfsat
3 0 Index Register 1 Irrelevant Dats (Note 1)
4 [¢] index Register Plus Offset (w/o Carry) 1 Irrelavant Cata {Note 1)
ADC EOR 1 1 Op Code Address 1 Qp Cods
ASO Loa 2 | 1t | OpCodeAddress+1 1 | Oftsee
8IT ssC 5 3 9 index Register 1 Irreievant Data (Note 1)
CMP sus 4 | 0| Index Register PlusOtfset (/o Carry) | 1 | Irrelevant Dats (Nate 1)
[ 1 Index Register Pius Offset ! Qperand Data
(=33 1 1 Op Code Addrass 1 QOp Code
et 2 | 1| OpCodeAddress+1 1 | Otfsa
s 3 (] Index Register 1 lrretevant Dats (Note 1)
4 Q Indan Register Plus Otfsat (w/o Carry) 1 Irraievant Oata (Note 1)
8 | 1 | index Register Plus Otfsar 1 | Operand Data (High Qrder Byte)
8 1 Index Register Plus Offset + 1 1 Operand Data {Low Order Syte)
@ MOTOROLA Semiconductor Products Inc.
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MPU-BASED 78 KNEE CONTROL
MC6800
TABLE 8 — OPERATION SUMMARY (Continued)
Address Mode Cycle| VMA R/W
sad Instructions Cycies # | Line Addrass Bus Line Dats Bus
_INDEXED (Continued)
STA 1 1 Op Code Address 1 Op Cace
2 1 Op Code Address + 1 1 Offsst
8 3 0o Index Register 1 Irrelevant Dats (Note 1)
4 (1] Incex Register Plus Oftset (w/o Carry) 1 Irrelevant Data (Note 1)
[ [} index Register Plus Offset 1 Irreievant Qats (Note 1)
[] 1 Index Register Plus Offset O | Operand Data
ASL LSR 1 1 Op Code Address 1 Op Code
efg :gﬁ 2 | 1 | OpCodeAddress+1 1 | ot
COM ROR 7 3 0 Index Register 1 {rrelevant Data (Note 1)
PNECC ST 4 ] Index Ragister Plus Otfset (w/o Carry) 1 Irretevant Data (Note 1)
s 1 Index Register Plys Otfset 1 Current Operand Data
[ [} Index Register Plus Oftset 1 irrefevant Dats (Naote 1)
? ( hl‘ /0 | Index Registar Plus Otfset 0 | New Opersnd Data (Nota 3)
i
STS 1 1 Op Code Address 1 Op Code
STX 2| 1 | OpCodeAddrens+1 1 | Ottsee
7 3 [+} Index Register 1 frretevent Data (Note 1)
4 *] Index Register Plus Otfsat (w/o Carry) 1 Irreievant Data (Note 1)
H Q Index Register Plus Otfset 1 Irraievent Data (Note 1)
- [ ) index Register Plus Otfset ] Oparand Data (High Ordar Bytsl
7 1 Index Register Plus Offset + 1 0 | Operand Dats (Low Order Byte)
JSR 1 1 Op Code Addres 1 Op Code
2 1 Op Code Address + | 1 Offsst
3 [} Index Register 1 frretevant Dats (Nota 1)
s 4 1 Stack Pointer 0 Return Address {Low Order Byte)
s 1 Stack Pointer — 1 0 Return Address (High Order Byte)
8 [} Stack Pointer — 2 H leraiavant Data (Note 1}
7 [} Index Register 1 Irrelevant Data (Note 1)
8 0 tndex Regirter Plys Offset (w/o Carry) 1 Irraigvont Data (Note 1)
EXTENDED
mP 1 1 Op Code Addrems 1 Op Code
3 2 1 Op Cade Address + 1 1 Jump Address (High Order 3yte)
3 1 Qo Code Address + 2 1 Jumo Address (Low Order Bytel
ADC EOR 1 1 Op Code Addrem 1 Op Code
A koA R 2| 1 | opcCodeAddrem+1 1 | Address of Operand (High Order Byte)
BIT S8C 31 Op Coce Agdrems + 2 1 Address of Operand (Low Order Byta)
cMp sus 4 1 Address of Qperand 1 Operand Dsta
cPX 1 1 Op Cooe Adaress 1 QOp Code
Lox 2| 1 | OpcodeAddrem+1 1 | Address of Operand (High Order Byre)
5 3 1 Op Code Addrem + 2 1 Address of Qperand {Low Oraer Byte)
4 1 Address of Operand 1 Operand Oata (High Order SByta)
s 1 Address of Operand + 1 1 Qoerand Dats (Low Order Byte)
STA A 1 1 Op Code Address 1 Op Code
STas 2 1 Op Code Address + 1 1 Destination Address (High Ordar Syte)
5 3 1 Qo Cade Address + 2 1 Oertination Address (Low Crder Byte)
4 0 Operand Destination Address 1 Irraievant Dats (Note 1}
S 1 Operand Destination Address 0 Cata from Accumulator
ASL LSR 1 1 Op Coae Address 1 Gp Cods
oh heS 2| 1 | OpCodeacdrem+1 1 | Address of Operand (High Order Byre)
gg’: '?21? 6 3 1 Op Code Address + 2 1 Address of Operand (Low Crder Syte)
INC 4 1 Address of Operend 1 Curcent Operand Dats
L] Q Address of Operand 1 irreievant Dats (Note 1}
6| 10 Addrem of Cperand o New Operand Data (Note 3)




MPU-BASED

KNEE CONTROL

MC6800
TASBLE 8 — OPERATION SUMMARY (Continued)
Address Mode Cycle {VMA RW
eand Instre Cycles a | Line Address Bus Line Data Bus
EXTENDED (Continued)
§TS 1 1 Op Code Address 1 Qp Code
ST 2 1 Op Code Address + 1 1 Address of Operand (High Order Byte)
6 3 1 Op Code Address + 2 1 Address of Operand (Low Order Byte)
4 0 Address of QOperand 1 Irrelevent Data (Note 1)
-] 1 Address of Operand (] Ogperand Data (High Order Byte)
8 1 Address of Operand + 1 0 Qperand Data (Low Order Bytel
3SR 1 1 Op Code Address 1 Op Code
2 1 Op Code Address + 1 1 Address of Subroutine (High Order Byte)
3 1 Op Code Address + 2 1 Addrem of Subroutine (Low Qrcer Byte)
4 1 Subroutine Starting Addrass 1 Op Code of Next Instruction
9 s 1 Stack Painter ] Return Address (Low Order Byta)
[ 1 Stack Pointer — 1 [} Return Address (High Order Byte)
B 0 Stack Painter — 2 1 Irreievant Data (Note 1)
a 0 Op Code Addrass + 2 1 Irrelevant Data (Nots 1)
9 1 Op Code Address + 2 1 Address of Subrautine {Low Order Byte)
INHERENT
ABA DAA SEC 1 1 Op Code Addres 1 Op Code
ASL DEC SEi 2 2 1 QOp Code Address + 1 1 Op Code of Naxt instruction
ASR INC SEV
CBA LSR TAB
CLC NEG TaAP
CLI NOP TBA
CLR ROL TPA
CLV ROR TST
COM_SBA
OES 1 1 Op Code Address 1 Op Code
'DNESX . 2 1 Op Code Address + 1 1 Op Coade of Next instruction
INX 3 (] Previous Register Contents 1 rretevant Data (Note 1)
4 Q New Register Contents 1 {rrelevant Data (Note 1)
PSH 1 1 Op Code Address 1 Op Coas
P 2 1 QOp Cace Address + 1 1 Qp Code of Next Instruction
3 1 Stack Painter Q Accumulator Oats
4 1] Stack Pointer — 1 1 Accumuylator Data
PUL 1 1 Op Cade Address 1 Op Code
A 2 1 Op Code Address + 1 1 Op Code of Next Instruction
3 Q Stack Painter 1 trraievant OData (Note 1)
4 1 Stack Painter » 1 1 Operand Data from Stack
TSX 1 |- Gp Code Address 1 Op Coce
. 2 1 Op Code Address + 1 1 Op Codae ot Next instruction
3 Q Stack Painter 1 Irrelevent Data (Note 1)
4 0 New Index Register 1 Irrelevant Data (Note 1)
™S 1 1 Qp Code Address 1 Qp Cade
. 2 1 QOp Code Aadress + 1 1 Qo Code of Next Instruction
3 Q index Register 1 Irrelevant Data
4 L] New Stack Pointer 1 irretevent Data
ATS 1 1 Op Code Aadress 1 Op Code
2 1 Op Code Address + 1 1 {rrelevant Data (Note 2)
5 3 o Stack Painter 1 Irretevant Catw (Note 1)
4 1 1

-

Stack Painter + 1

Stack Pointer + 2

-

Acdress of Next Instruction (Hign
Orcer Byte)

Address of Next Instruction (Low
Qrder Byte)

@ MOTOROLA Semiconductor Products Inc.
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MPU-BASED

KNEE CONTROL

MC6800
TABLE 8 — OPCRATION SUMMARY (Continued)
Address Mode Cycle| VMA AW
and Instructions Cycles = | Line Address Bus Line Dats Bus
INHERENT (Continued)
WAl 1 1 | Op Code Aadress 1 | Op Code
2 1 | Op Code Address + 1 1 | Op Code of Next Instruction
3 1 | Stack Pointer 0 | Return Address (Low Order Byte)
4 1 | Stack Pointer — 1 0 | Return Address (High Order Byte)
9 - 1 | Stack Pointer — 2 0 | Index Register (Low Qrder Byte)
8 1 | Stack Pointer — 3 0 { Index Register (High Order Byte)
7 1 | Stack Pointer - 4 0 | Contents of Accumulator A
8 1 | Stack Pointer — 8 0 | Contents of Accumulatar B
9 1 | Stack Pointer —~ 6 {Note 4) 1 | Contents of Cond. Code Register
RTI 1 1 | Op Code Addrens 1 | Op Caode
2 1 | Op Code Address + 1 1 | Irrelevant Data (Note 2)
3 0 | Stack Painter 1 | Irrelevant Data (Note 1)
4 1 | Stack Pointer + 1 1 | Contents of Cond. Cade Register from
Stack
10 S 1 | Stack Pointer + 2 1 | Contents of Accumuiator 8 from Stack
[ 1 1 | Stack Pointer + 3 11C of A \ A fram Stack
7 1 | Stack Painter + 4 1 landm’( Register from Stack (High Order
vte
8 1 | Stack Pointer + 5 1 ‘B"d.,ll Register from Stack (Low Order
yte
9 1 | Stack Pointer + 6 1 | Next Instruction Address from Stack
(High Order Byte)
10 1 | Steck Pointer + 7 1 | Next instruction Address from Stack
{Low Order Byts)
swi 1 1 | Op Caode Address 1 | Op Cocte
2 1 } Op Code Address + 1 1 | Irrelevant Data (Mote 1)}
3 1 | Stack Pointer 0 | Return Address (Low Order Syta)
4 1 | Stack Pointer — 1 0 | Return Acadress (High Qrder Byte)
H 1 | Stack Pointer — 2 Q | Index Register (Low Order Byta)
12 6 1 [ Stack Pointer —- 3 0 | Index Register (High Qrder Byts}
7 1 | Stack Pointer — 4 0 |Co s of A ) A
8 1 | Stack Painter -8 0jcC of A [ :]
9 1 | Stack Pointer — 8 0 | Contents of Cond. Code Register
10 0 | Stack Pointer ~ 7 1 | Irrefevant Data (Note 1)
11 1 | Vector Address FFFA (Hex) 1 :ddr,m of Subroutine {High QOrder
yte
12 1 | Vector Address FFF8 (Hex) 1 :ddv.cu of Subroutine (Low Order
vie
RELATIVE i
BCC BHI BNE 1 1 | Op Code Aadress 1 | Op Code
ey ovS e R 2| 1 |OpCodeAddrens- 1 1 | Branch Otfser
BGE BLT BVC 3 0 | Op Code Addres + 2 1 | irretevant Dats (Note 1)
BGT BM!I BVS 4 Q | Branch Address 1 | lerelevant Data (Note 1)
8SA 1 1 | Op Cocte Address 1 | Op Code
2 1 | Op Code Address + 1 1 | Branch Offat
3 | . O | Retun Address of Main Program 1 | lrrelevent Cats {Note 1)
s 4 1 | Stack Pointar 0 | Return Address (Low Order Byte)
H 1 | Stack Painter - 1 0 | Return Address (High Orcer Byte)
[ Q | Stack Pointer ~ 2 1 | Irrsievant Dats (Note 1)
7 0 | Return Acdress of Main Program 1 | trrelevant Dats (Note 1)
8 0 _} Subroutine Address 1 | Ircelevant Data (Note 3}
Note 1. It device whnich is addressed during this cycle uses VMA . tnen the Data Bus will GO 10 the high impedance three-state condition.
‘  Deoending on bus capacitanca, data from the orevious cycle may be retained on the Dsta 8us.
Note 2.  Data is ignored by the MPU,
Nate 3. For TST, VMA = 0 and Operand data does not change.
Note 4. Whie the MPU is waiting for the interrupt, Bus Avaiiadle will g0 hign indicating the fallowing states of the control lines: VMA is
low; Address Bus, R/W, ana Data Bus are ail in the high impacancs state.
3
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MC6800
ELECTRICAL CHARACTERISTICS (Vee =5.0V £ 5%,Vgs =0, Ta = 0 to 70°C uniess otherwise noted.)
Chorscteristic Symbol Min Typ Max Unit
Input High Volitsge Logic Vi Vss +2.0 - vee Vde
01,02 ViHe Vee -03 - Vee + 0.1
Input Low Volitage Logic ViL Vgs - 0.3 - Vgy +08 Vde
1,902 vie Vgg - 0.1 - Vgg +0.3
Clock Qvershoot/Undershoot ~ Input High Levet Vos Veg ~05 - Vee +05 Vde
- Input Low Level Vss ~ 0.5 - Vss+ 05
tnput Leakage Current lin HAdc
{(Vin = 0t05.25V, Ve = mex) Logie® - 10 25
(Vin=01a5.25V,Vee =00 V) 01,02 - - 100
Three-State (Off State) input Current 00-07 Itst - 20 10 uAde
Vin 0.4 10 2.4V, Vg = max) AO-A15,R/W - - 100
Qutput High Voltage VOou vde
{lLoad ® =205 sAdc, Ve = min) 00-07 Vs +24 - -
(lcad = ~145 uAdc, Ve = min) AC-A1S,R/WVMA Vgs + 2.4 - -
(I oada = —100 uAde, Vo = min) BA Vgs+2.4 - -
Qutput Low Vaitage VoL - - Vgs + 0.4 Vdc
{tL oad = 1.6i mAde, Ve = min)
Power Dissipation Pp - 0.600 1.2 w
Capacitance * 01,02 Cin 80 120 160 pF
(Vin =0, Ta = 25°C, t = 1.0 MHz) TsC - - 15
DBE - 70 10
D0-D7 - 10 1285
Lagic Inputs - 85 8s
AO-A15,R/W.VMA Cout - - 12 of
Freq of O t 0.1 - 1.0 MH2
Clock Timing (Figure 1)
Cycle Time teye 1.0 - 10 us
Clock Pulse Width PWan ns
(Measured at Veg ~ 0.3 V) o 430 - 4500
2 450 - 4500
Totl 01 and 62 Up Time tut 940 - - ns
Rise snd Fall Times 01,02 tar, tot 50 - S0 ns
(Measured between Vgs + 0.3 V and Vo ~ 0.3 V)
Deiay Time or Clock Separation [ Q - 9100 ns
{Messured st VQy = Vgg + 05 V)
Qvershoot Durstion t0s Q - 40 ns
‘Exam TAQ and m wtm:n raquire 3 k{2 puilup load resistors for wire-OR caoability at optimum operation.
are peri y ssmpled rather than 100% tested.
FIGURE 1 — CLOCK TIMING WAVEFORM
Qvershoot
Vos
f\."-‘ —
_3"" Vos
- tos =
Undershoot
e t0g --l
Ay ~— vas
h ; lLCm"
— \/
Vov * Vgg * 0.5 V = Clock Overliin
meaurement £OINt




MPU-BASED r KNEE CONTROL

MC6870A

5v DC > 01 NMQS
limited function microprocessor clock + GND ZE{ MC6870A 3 : ;JTI\IA.OS
250 kHz to 2.5 MHz
DIMENSIONS specifications
r"_"é'a'-‘—‘ PIN CONNECTION Rating S Valve Unit
GND Supply Voitage Ve 5.00=5% vac
q Temperaturs Range Ta 0to 470 *C
<0 - NC Storage Temperature Tuy —€510 +125 *C
C TTL Power Suouiy Orain (max.) [ 100 mA
Hiptr e 7 Vee (£5V0C) ELECTRICAL CHARACTERISTICS (Ve = 5.0 = 5%, Vi, = O.T
= 0° to 70°C. uniess otherwise noted)
'—W uar. 12 2> Nmos CRharacteristic Symbol] Min 'I’yp Max | Unit
arzoe 0= 210 13 Z. NMOS Frequency l
2@ e 8 GND Operatrg Freguency 1, 250 25 [vnz
requency siadiily {inclusive =.J7 =3
20 NC of calpration 1olerance at
+25°C, ocperating temperature,
22 NC 1nput voitage change, load
change. aging, snock and
2 NC vinraton)
NMOS Qutputs at 1.0 MMz Operstion®®
Puise Wigin (meas at T3,H | 430 ns
ot A2 Gmemaens e e V= — 3V ¢z lavel) TS,H | 450 rs
Logic Levels Vo |V 1| = |V 3| vVac
Vo [Vees.3] = (V4 1] vac
Rise ana Fail Times t s |12 SC | ns
- t 5 12 S0 ns
WAVEFORM TIMING *Qvershoot/Undershoot v § s| vae
Logic 1" . Vad
AL TG I rnSECONOR Logic 0" Vor_|Va: 5 Vas 5| Vee
Puisa duration of any over-
r.—ru LY p— $NQOL 0° uNCersNoot T 400 ny
‘ 3 v O 5 Liv_, - v |Penod T 03V ac Level e 1 00 Ty
. ! < . £aze iming = V..=03vac Tx | 340 rs |
wos |, N v v v NMOS Reiatcnsnid o 0 |
» ~ JL———% | @ +05Vac Lever 'a 0 80 | s
- JF——V..-—- | ] F—"—u.n—- TTL Outputs
I o ov o v, linret ic 2, NMOS @ 9 3V 12 t !
» 2 TIL@ <14Vae Ta 151 30 45 ns
[ 38 sy avl av b Te a0l 25 40 rs
3 M ¥ ¥ v
—-? —Ta e te -l . Toay :—- Logic Leveia v[: 24 1% r 555
104 v voed ! . ol Aise and Fall Times
™ ] % AVang 2.4V T 15 | ns
L 24Vang 4V 1 15 ns
! Lagic 0 Sink (/Gate) [ 1 —16; nA |
L3gic "1’ Source (/Gate [P ! —3C 1 WA ]
Currert Quips: Shonsd we | —1E| =57 PAL
Load
_ NMOS—roac Capacivs 3 | Cuwi [ 80 1320 7 t60 | ot
TTL—No of Loacs | ] [ s it
TEST GRCUIT TTL—wcaa Cacacity 1 Co | | SC st
“1A19 30€C:1.00 (et 1080
“*Apply *me ! for * o'Ner than 1 0 M

To.nx0 % 19.140) na

Toirxs § 19.100) ns

Tox:P. Nl s

whorg 2 penod of "

o r——
$Core X
se25t, Thacioncom

25 0%¢ WAt | *394 CA LQuIv

I Tedrincy
CCUNTER
1)
Cin = waxCARRCITY 0 08 'Jﬂ—!—" L

C—t\-'nld o3 '"1 $PECH 40 3 720 SARn ATES '

»
uMSLY] ivIC

AD CARaZ TancE paarr *
Tea? SiaLates '-( ~O°OAOLA e or '2(.;:::::‘
4200 MBy MBy! STamGang
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PRINT ON THE FOLLOWING PAGES IS PARTIALLY ILLEGIBLE

MPU-BASED g3 | KNEE CONTROL

FACE o©C! ITL.FFFL

cceet ) NAMY ITL.FRFL

ococe 8290 0FC £8290

¢ocol OFT hA

00004 - QF1 S

0Co0¢é # cecesccsccccccsccscrercsrsdannaca cmsso=-

00007 829C 26 FF LCA A #SFF

00008 8292 E7 2800 STA A FIAELF SETS Df1A CIFECTION FEC

00009 * B TO ALL ONES CONFICLFINCG THE E HALF FOR OUTFLT.

occ1tc . «FLAEDR IN THE FFAL SYSTEM WJCLE AAVE ALCDF=S4QC2

0cal1l *(FFQUICED CFE=2=0). 1M TALS SIWLLATICN THE ALLF IS
. Qo012 * $3200« HENCE»

ocol3 asce FIAECR EGU $83CC

00014 8295 Bée C4 LCA A #£C4 .

0C01S 8297 E7 REODI S1A A FIRECE THIS SE1S CFE-2=1 NMARING

0001¢ . *S4002 1HE ADCFESS FOF THE OUTFUT FERIFHEFFL FEG

6cot7 « (SIMULATOF ACDF $38CC).
coo1s8 #IN REAL SYSTEM FIAECF ADCF=%4003. SIMLLATOF
00019 ® ACDF $2801.
Qcoz2¢ 8801 FLAECR EGU €8801
00C21 829A 20 2E EFA S1RT
00022 T Reeecacewe=THE ABOVE SE1S THE 2 SILCE COF THE-==-=----
ocees * : Fl1a FOR JUIFUI
ooces #mmeeeaaaaSUEFQUTINES (FACFT M(LI)e-ceccccenaxn
00026 823C B¢ 24 CONVET LLA A #%34 A 10 L CONU FOUTINF
00027 829F B7 8802 S1A A FlAACH ENFELES CLF INTERFLFI
ocoes *FLAC CFg-7 EY DUMMY ERERLC ’
00029 *FIAACF FEAL SYSTEX ALLAa $4C0O1 CSIMLL ALLY: I2802).
00030 3302 FIPACH EGU 13802
00021 82«} 8€& 3F ' LCA A #%3F
00032 8223 F6 8303 LLA E FIlALDF CLMY FEeD2 CLe INT FLEG
00033 #FIAALCS FEAL SYS ALLF S40CC (SINULL ACLE S23C3)
00024 88C2 PLAALF ERL 22403 .
0C03S 82p€ ET7 R8C2 €14 A FlAACH STRT CINV: CAl UNJSASKEL,
cCco3le¢ i *+ ELCE ACTIVE; Ce2--HICH
00027 3283 01 . NOF IN EEAL SYS A WAL (Wwelid
cocas * FOR _INTEFRUFT) WOULL €I HErfe SINCE SI0UL
cCGC29 : * HAS NO INT HARLWAFE 11 ULST EE SIMULLATERL
C0C40 #EY THE FOLLOWING FIOLTINE ENLING IN & NOF

, aoosl ® AT WHICH A MAID ERFAKFOINT WILL EE ENTEREL.
00042 8Zas CE 32FEE LLX ENERXT '
C0C&43 82y LF F¥T STX SFE
00044 R2AF 96 FF LCA A SFF
00045 RZE1 2¢€ FSH A .
COC4€ 2288 9€ FE LDé A SFE
QCO47 REE4 26 FSH &

A

c0C4R8 32ES 26 FSH
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FACE 002 . ILL.FRFL h
C0049 825r¢ 3¢ FEH A

0C0SO 82E7 3¢ FSH A

CCCS1 82r8 36 FSH A

000652 R2E9 36 ' FESH A

G0053 B82EA 01 NOF ENE WAI SIMULATION

00C54 *ENTEF MAID EFFAKFOINT

00055 82ER 39 MEX1 R1S&

C005€ ]2EC BE€ 3¢ INTFFT LLCA & 0196 D TO A INTFF1 FFOC

CCCS7 R2FE E7 88G2 STA £ FlAACH CAl ¥ ASKELD CA2 LOW
+ 00CS8 B2C! E€ HB803 LL& A FIAALF

CC059 82Cs 97 08 STA A $0A TEYFOFARY INFUT £10 LOC C00a
00Ce60 Rz2Cé 3B RTI

000¢1: bbb R L L L L L e e esecccccccccanacaa
0CCce3 LR L STRT ITERATINC CIFL ALCOFITHit=~e-mcmmcn=~
CCO€s 82C7 B7 OCFF S1FRT S1e A MUXC LUNAY VEITF: SFT1E MLLTIFLEX
000¢€5 * TO CHANNEL O (rEAL SYS ALDLCH €20GC) 10 FEAD
Gocee * HFEL SWITCH INFOFYRTIONe. ~UX NO1 SIMULATEL.
CCCe7 OCFE MUXC EQU €FF

Q0CCé8 B2Cr RF COQ7F LTS #57F SE1 ETKX FTF FOF SUEFINS
0C0€9 82Cr 8D Cr ESE CONVF 1 HEEL SWITCH IN LOC 0GCa
QOCT70 RZCF 9¢ 02 LA & <0A .

00071 ¥oeoeeeseoo FFEFAFE KEEL ) 57 O ‘
Q0C72 R2L1 SF : CLF E

00073 82p2 48 ASL A

CCC74 823 S9 KOL B

COC7S 8204 L7 OE ST E  $OE HEFL INFO: LOC SOE

00076 *’...............'......'....‘...‘........

COC77 820€ E7 OQFF ’ 518 A KUX1 ELxY WrITF: SET MUX TO
oce7” * CHAN 1o (hFAL SYS ELL# £2400) MO1 SIYLULATED.
CcCc079 QOFF wilX1 EGLU SFF .

00C80 82L9 8L (1) ESF CINVF1 FEALD THETA FFRO¥ CHAN 1.
C0CB81 8ZLE 36 QA LLA &2 <SCA

00082 *ooooo.F}"EFAl"E ANCLF EA‘I‘!..OOQOO"OQDQ.

00C8Z 82D 44 LSF A

C00R4 B2LF 81 41 CxYF A #%41

CCC8S BEZF0 2F 7C ECT CONET

Cocsé ‘.'..........'....’...........ﬁ.........'.....
COCR7 R2F2 97 CC S16 £ £0C STO 1HETA: LOC cOOC

CCC88 B2E4 E7 COFF STA & NyLX? CLM¥Y wWFITE: SET MUX TO
c0089 * CHEN 2+« C(REAL £YS 4LLDE £300) NO1 SIXULLATEEL.
CC03C OOFF “Ux2 EGU §FF

CGOC31 82E7 8D B3 ESF = CONVFI FRAL OMECA FFOM CHEN 2.
C0C32 82E9 9€ 0A LCA A £CA

con9 2 keceooeeeFFEFARE AV(LLAE VFL [CTfecsccsscene
CCC9& 22FE 8E 8C ACT & #cEQ ELISINATES E1AS FECUIFERI
coe9s * 13 KEEF INFUT AEDJVE C VOLIS.
C0C9¢ 8EED 37 OC ST/ & £CC

CO0C97 B2EF 97 01 STA & 201 FrEFRFE FIr SOULEFING

CCC2e H2Fl =L 2100 Jsr $51CC CFLL <LlL1IrLY’

CCC99 82F4 s8 ASL B



MPU-BASED as KNEE CONTROL
FACY GC3 I1L.FFFL
CCLO0 RPFS &9 FOL &
CCICl “2F€ 5S4 LSh E
CC102 aCF7 37 OD STA A& $OT €10 MSE OF &KSULT IN LOC OL
0C1C3 REF9 D7 OE STA E S$OE $10 LSEOF FESULT LOJC OF
Ccloa *...l.'ll...‘..‘.'......l.'...l'...l......!l.‘..t
001CS 82FF 96 OR LD2 A $OB
0010€¢ 82FD 9F 0OC ADD & $0C
00107 B2FF £7 €5 EEQ LOCK. LRANCH IF FULL EXTENSION
QC1CR * AND NO HFEL CONTACT
CO1C09 83C1 9¢€ 0OC ' LCA A %0C
Q0110 A3C2 27 €9 BEG UMNLOCK EFANCH IF FULL EXTENSION W/HC
0Cl11 2308 Lé OC LL& E  S00
00112 3367 2D OY EL1 EXTENS EFANCH IF EXTENSION
OCl1Z "309 Ce B1 FLEX LDA E #3581
00114 BZ0OR 4K ASL & MULTIFLY ANCLE EBEY 2
0Cl1S R2GC RE BA ADD A #9884
COl1€ 330F €9 €O ACLC E #S00
00117 8210 20 0S ) BRA 1CeLC
OClig 8212 (€ B? EXTENS LLA E #%82 *
00119 ®3le 4R ASL A MULTIFLY ANGLE EY 2
c012C 2315 %E OC ACD & +#S0C
Ch1E21 R31%7 L7 12 TCALC SIA B <12
co122 8213 37 13 STA A& S13
CO123 831: LF 12 LLX £12 LOAL X WITH LOOKUF ELLF
00124 831IL A€ GO LDA A 05X R
0C125 S831F 37 00 STe & $0
Q0l8€¢ #3281 3¢ CE LCE & SCE
(Cl27 333 37 G1 STA & €1 SETUF FOR MULTIELY
COl2] 532% FL K1CO JSF 8100 FINLD O: CALL “LLTIFLY
CO129 B832% SA ASL B
CC1230 R323 a3 FOL A
Q0131 82ce &2 ASL A
CCI3E HECi 9% OF £1p £ 30OF ST1Q C: Sk IN LOC CF
GC1233 722 D€ D LA A SOD
CO01234 §3%2F 37 C1 CSTA A S SETUF FOR MULLTIFLY
CC135 8331 &L 3100 JSF 3100 FIND F: CALL MULTIELY
CO13€ #AZ4 53 ASL E
CC1237 3333 43 0L A
0C128 K33fF 37 10 S18 & %10 S10 ¥SE F: LOC 10
00139 8338 L7 11 S1e B §11 $10 LSE F: LOC 11
CC140 R22% LF 12 Lrx s12
00141 8232C £6 01 LCA A 1,X
00142 8323k 97 GC SIA A 30 SETUF FOF MULTIFLY
C0143 R34C 7D 81CO JSF 38100 FIND Bt CALL «ULTIFLY
COl144 8CL% SR ASL E
00145 RZLL 4) FOL A
00146 8245 4R ASL A
CO147 224€ L€ 1IC LIf E $10C FREFEFF FOr ALL: LL ¥SE F
COl48 R23&% J9F CF &LL £ SCF ADL '
CClud 293&L CI €O ALC = €20 CARRY
CC150 %34C 3% 11 ACD A& S11 ALL LSE F
CC151 ®Z4F C7 CC ALL P #%0 CArFRY
(0152 R280 54 Ltk B
CC152 #2351 &4¢ FOR & SHIFT 10 RICGHT JULSTI:Y



MPU-BASED

as—

KNEE CONTROL

FAGE

C0154
GO155
ce156
CC157
colss
0C159
cQle€c
Colel
CClé2
001¢€¢3
CClea
CO1€S
cClee
COl€7
CC1€R
00169
CcQl%0
ce171

-00173
CC174
CC117s

GC17¢é
ccl77
I AEDK
FI1AECP
CONVERT
FI AACF
FIAADE
NEXT
INTKFT
STAT
~UX0
UK 1
hAR $]
FLFEX
EATENS
TCALC
CONST
LJCK
UNLOCK

004 ILLeFKFL
8352 S4 LSk B .
8353 L€ FOF A DIVITE EY 2
#NOV 14HF OUTFUT SHOULL LF IN ACC A UNLESS
A *THE FFOCFEM CALLS FOF XFE SATLRATION
83s4 C1 00 CME E  #S0 CHFCK FOF SATUFATION
835€ 26 OE ENE LOCK SATUFETION 1HFLIES LOCKING
g2s2 E7 8800 €14 £ FLAGDF  OUTELT CATA :
#3SE TE R2C7 JirF Sir1 €0 10 $1k1
R35E B6& OC CONST LLCA A #S0C
8360 E7 8800 STe A FIAEDF  OUTFUT 15 IN-LES
32€2 7E 82C7 J¥F STET ¢0 10 S1EI
826€ 86 FF  LOCK LDA A #SFF
R3€3 E7 8300 $1e & FIEFCA  OUTFUT 300 IN LES
83CGE 7E 82C7 J¥F L1RT 2 10 STh1
R3€E %€ GO UNLJOCK LCA A #5CO
8370 B7 88CT 1A & FIFECF  OULIFUT O IN-LES
§272 7E 82C7 JIMEF STFT ¢0 10 S1FT
O L L L L e T R e mm---
#emmeena SET FESTAFT AND INTEFFUFT VEC10FS====m===-=
ATFE OF¢ <8 7F8
87F8 B2EC FLCE INTHETS 0s 05 $8290
R7FA 0000
87FC GGOCO
37FE 8290
O T L A LD R e
: END
8800 -
Re01
829 ¢
B8C2
6803
82EE
82PC
g82C7 '
COFF
OOFF
OOFF
8309
8312
8217
8 3SE
8366
B3EE

TOTAL EFRJFS 00000



MPU-BASED 87 KNEE CONTROL
FACE 001 MULTIFLY
{
ceoot NaM SULTLFLY
coco2 OFT M
00003 OFT s
00004 8100 OFC 28100
00005 8100 C€ GO LDA B #500
0CC0€ 8102 D7 02 STA B $C2 SET SICN EYTE FOF + A
00007 8104 9€ GO LLCA A €GO READ FACTOR A INTO ACC A
00003 Recccccacnca= FINL ABS(A)===cccnccan-
00009 810& 2¢ 0S5 EFL EFl ERANCH T0 EF1 IF +
00010 8108 C¢ 80 LDA E #$80 \
00011 81CA L7 02 STA B $2 SET SIGN EYTE FOR = A
00012 B810C 40 NEG A FRODUCE + OF A
. 00013 L e e
00014 81CD 97 03 EF1 STA A 33 STO AESC£Y: LIUC 0003
00015 . Keemmeemecan= FAFSE AESCA) INTO M0S1 SIGe==--
00016 * HALF EY1E (MSHE) ANLC LSHB
00017 B10F 44 LSE A
00018 8110 44 LSk A
00019 8111 44 LER A
00020 8112 44 LSR A
00021 8113 97 Ca S1a A $4 STO MSHECABSC(A)): LSHE LOC C4
00022 8115 96 €2 LDA & $£3 .
‘00023 8117 84 OF ANLC & #S0OF
00024 8119 97 C3 S1a A $3 STO LSHECAES(A)): LSHE LOC €3
00025 e TR TR
0002€ 811E 96 01 LCe & St REAL FACIO# E INTO ACC &
00027 . R et LES(E)mmeommmmemmeemecccae e
00028 811D 24 07 BFL EF2 ERANCH 10 ¥F2 IF +
00029 811F 4C NEG A FFOCUCE + CF E
00020 #eeeeeose e DETEFVINE SICN OF ANSUWEFRecoscocces
00C31 812C Cé 07 LCA E $2 :
000232 8122 (8 A0 ° EOF [ 4§80
00C23 8124 D7 C2 S1A E $2 €10 SIGN OF ANS: LOC coce
0002“ *.C.......0'....0..‘..0....0‘0......!.“..'.
00035 Keseemmccceecmecccesccesemecmeeeecsccoacoaa-
‘00036 8126 97 CS EF2 $18 A 85 STO AES(EY: LOC CCOCS
00037 R FARSFE ATLS(E) A£S AES (A)====-==-
000238 5128 34 7 AND A #SFC
00039 812L 27 C€ 18 A €€ S10 MSHECASZSC(E)): LOC MSHE Cé€
coc4C 812C 9C €S SUE & $5
C0C4) HK12E 40 NEC A
00C42 812F 48 ASL A
00043 8130 48 ASL A
00C44 8131 43 ASL A
00045 8132 48 esL £
00046 8133 97 05 STA A %5 ST0 LSHECAESCE)): LOC ¥SHE C5
ccoa? emeeccceccccsscccccccemmecemmememrme—————a———
00048 R ittt LOOKUF Cm==o-mcmeecccaae
00049 8135 9¢ 03 OFA & %3 FOFM LOW ACLF EY1E FOF C LKF
0C0S0 8137 97 09 STA A %9
0G0S1 8129 &6 80 LDE A #3880
00052 313 37 €8 STA A $H €1 HIGH ADCE EYTE: ALL LKFS
00052 8130 LE C8 LCX 3:)
0CCS4 B13F A€ 00 LLA A 0»X AELL C IN1O ACC A



MPU-BASED g8 KNEE CONTROL

FACE o002 MULTIFLY

CCCSS 8141 97 C17 STe Ao 27 ST0 Cx LIC 0C07

00056 o m-—- e D D bt L L T
60057 D ettt LIOJOHWUF h==--ccccmccccccccncnaaaa )
000S8 8143 96 06 LDA & S6

00059 8145 92 (€3 OFA & ¢2

000608147 97 09 STA & 99 ST0 LOW ALDF EY1E FOR E LKF
00061 8149 LCE 08 LLX €8

00062 8142 A€ 00 LDA A 0,X REAL E
"000€3 B814L 727 03 STA A §3 $T10 E: LOC COG3

000¢4 L el D R itttk -
000€5 L bl LOOKLUF Fe--ecccccccncccccccceae
000€6 814F 3¢ 06 LCA A %6

000€¢7 8151 9p 04 OFA A $4

00068 8153 97 09 STA A § S10 LOW ALLR EYTE FOR F LKF
00069 8155 CE 08 : LDX £8

0C070 8157 A¢é €O LCA A 0sX

00071 8159 97 0¢€ S1e & $6 S10 F: LOCCOCE

000172 bkl b L DL D L e LR DL it D L b L
00073 - R ke LOOKUF De==e-c-mcccecrcccccccaaax
00074 81SE 96 Q4 LDA A %4 .

00075 815 3& 05 QFa A &5 .

00076 815F 37 C9 STa A %9 ST0 LOW ALLH FOF D LOOKF
00077 81¢€1 LE C8 LLX 8

00073 81€3 &6 00 LCA A QX S10 D: LOC e£CCa

00079 L el e Dl DD D R it
00080 Aecovranaa~n SETUF L FOF fLL~=-cecceeccececcaacax
00081 8165 SF CLE B CLEAF ACC B FOF SHIFTING
00082 *.'...‘.IQCOOSFLIT SHIF’I".'O'I.......'...I
00083 8l1¢€¢e 44 LSF A

0CCB4 B8167 S6 ROR B

00C8S 81€8 44 LSk &

C008¢€ B1€9 S€ ROF E

0087 81¢€p 44 LSE &

00088 Bl€EE 5S¢ ROFP E

00089 B16C 44 LSF A

00N9C g]16D 5S¢ FOF P

00091 *.....llQ.l..'.QIQIQ..........IOI......l‘.....
00092 81€E 37 C4 S1Aa A %4 ST0 MSHE(L): LIC LSHE CCG4
00093 817C L7 CS STA & ¢5 €10 LSHE(D): LOC MSHE CCCS
CC094 Ao meececaanaaa SETUF E FIOR ALD==<e==cecmwcecccccca-
00095 8172 9€ C3 LCae A 83 FEAL E IN10O £CC g

0009¢€ 3174 SF CLR E CLEAF F FOR SHIFTING
00097 *......I.....QCSFLIT SHIF‘I...............'...I
00C98 B817S 44 LSR & -

CCC39 B17€ 5S¢ ROk E

00100 8177 4& LSE A

C0i0l BR178 5S¢ ROF B

00102 8179 44 LSE &

00103 817# S& FOF &

00104 BI7E 4& LSk A

CO105 817C seé FOR E

00106 ‘!..'...C..Q.....l‘.‘...l...lOC.......Q.I..I...
00107 L i T TP U

001GC8 8170 CE €7 DL E %7 C+LEHEC(E)



MPU-BASED 88 KNEE CONTROL
FAGE CQ3 MULTIFLY
00109 817F 93 0¢ ADC A $é MSHBCE)+F+CAKFY
00110 8181 CEB 05 ADD B £S5 ADD LEHECD)
COlll 2133 99 C4 AIC £ S4 ALL &SHECLI+CAERY
0Q11e 8185 97 03 STe A £3 STO MSECANEYS LOC CCO3
00113 R187 L7 Q4 STa E sS4 S10 LSECANSY: LOC CCO4
00114 8189 7k 0103 JF $103"
00115 END
EF1 810D ’
EF2 8126
TOTAL ERROFS 000CO



MPU-BASED 80 KNEE CONTROL

JLES
DIMENSION QClno
READ(S. 18> 1
WRITECS. 437
19 FORMAT (1Rl
DO 33 J=1,1%
DN 39 K=1.1¢
L=CJ-13w{K=-1%
M=IFIX(FLOAT LY 15, 0
N=L-M:dQ
M=nM+1
N=N+1
In WRITECS. 295 QCIr, RCKI L, @CMx AN
STAP
Zn FORMAT(BH. 2AL. 1218, [4. 118, 2RLD
412 FORMATC Y227 44 TARELE LOOK UF SENERATOR /S50, ADODR . SH,
1 “DECIMAL PRODUCT ., SH, "DRATH’ »
END

44 TABLE LVOOK UP GENERATOR

ACDR DECIMAL PRODUCT DATA
32 ] = 1%)
31 "] 20
32 2 a9
33 ] 99
a4 O] 20
85 B 30
=1 %) 99
av %] 00
33 ) 20
23 2 09
BH 2 29
@B 9 99
3c o] 29
2D (%] 90
AE %] 20
3F 9 39
i 9 29
i: 3 91
12 2 g2
12 3 3
i4 4 24
by S 83
1 5 06
17 e a7
13 3 23
3 b 92
iM 10 2R
i i1 9B
12 12 ac
1D i3 a0
3 34 9E
iF is 9F
29 9 29
21 2 92
22 4 04
2 [ as
24 3 23
35 i 9A
25 12 ac
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MPU-BASED 8a ¥NEE CONTROL
o <4 25
s8 5 3C
LY 86 ‘42
-1 72 43
&D 73 4E
5E 34 )
EF 39 S
Ty 3 293
v I v
v2 i 9E
73 21 i
74 23 i
g1 3 23
v 42 2
v 43 3
v3 S 3
73 83 3
YR Py 36
-] e 4D
g 34 S
T 31 S
vE 93 52
vF i9 83
29 3 29
31 3 n3
32 i i
3 2 -
24 32 e
3S 40 c
38 43 39
37 1Y 3
33 59 49
39 v 13
2R 309 )
3B 33 <
30C 35 Y]
20 i94 53
3E 112 b
2F 12 I
32 ] 29
R 3 23
32 i3 12
3z - 27 1
4 s 24
35 45 2
35 <4 25
av 53 3
32 iged 43
33 31 s
3R 39 <
3E 33 83
2 193 50
30D 17 7S
3E 128 TE
3F 135 v
A3 3 29
Al i 2R
n2 2 i4

2 9 i
a4 39 23
S S9 32
A £ 3C
T b 15
A3 39 S
A 1] 3
RA i99 549
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i»
1Gd

AE
o 4
a 129 %
Ao 129 32
ne 141 3
EY e :
e : 35
i . 29
= i 98
o4 i ?
: 3 21
& €5 i
24 % 12
: 55 42
c: o 4D
EA T :
on i19 =
= i3a 5
o i32 24
=0 i43 3
aF i "
| s s
b 2 s
i % 20
2 b 5]
: 35 i
R 43 :
c3 P 39
p i ;
c7 i 43
o 35 :
H P sg
: 129 o
- 122 .
:: 244 25
o 155 i
| e 53 2
el e .
o5 ; 84
o1 .2 23
0z 3 i
o 23 ;
o5 i -
o i -4
o 23 41
b o 4€
o i394 :
o 47 3
o 139 5
oe 142 =
o i98 4
oL 185 o
o 132 e
E s ::
s : 23
s . 29
= i aE
z4 b 5
= ) :
£ T3 9
e7 i : |
:: i 4
2 i s
= ey TB
= 248 o
£ 154 2
i3 o
R
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KNEE CONTROL

TN

PO PR

MC6800

{0 to 70°C; L or P Suttix}

MC6800C

(-40 10 85°C; L Suftix only)

_MICROPROCESSING UNIT (MPU)

The MC680C is a monolithic 8-bit microprocessor forming the
central control function for Motorola’s M6BQO family. Compatible
with TTL, the MC6800. as with all M6800 system parts, requires
only one +5.0-volt power supply, and no external TTL devices for
bus interface.

The MCG6800 is capable of addressing 65K bytes of memory
witl its 16-bi¢ address lines., The 8-bit data bus is bidirectional as
well as 3-state, making direct memory addressing and multiproces-
sing applications realizable

® Eight-Bit Parallel Processing

Bi-Directional Data Bus

Sixteen-Bit Address Bus — 65K Bytes of Addressing
72 Instructions — Variable Length

Seven Addressing Modes — Direct, Relative, immediate, Indexed,
Extended, implied and Accumulator

Variable Length Stack

Vectored Restart

Maskable Interrupt Vector

Separate Non-Maskable Interrupt — internal Registers Saved
{n Stack

Six internal Registers — Two Accumulators,
Program Counter, Stack Pointer and Condition Code Register

index Register,

MOS

(NCRHANNEL, SILICON-GATE)

MICROPROCESSOR

L SUFFIX
® Direct Memory Addressmg (DMA) and Muiltiple PfOCﬁSSOr CERAMIC PACKAGE
Capability CASE 718
® Clock Rates as High as | MHz . o
. . NOT SHOWN: P SUFFIX
@ Simple Bus Interface Without TTL PLASTIC PACKAGE
® Halt and Single Instruction Execution Capability CASE 711
mmafgg:gr:g;i; FamiLY MC6800 MICROPRGCESSOR
BLOCK DIAGRAM
MC8800
Microprocessor Oata Bus Address Bus
Read Oniy t T
M Adaress
Data Registers Registers
Random and Buffers and
Access Butfers
Memory
interface
q ALy
INOUY i
Interface p—dv
Modem Qutput Control
" " Adsoter . Control =G~ en

Address Data
8us Bus




MPU-BASED g8 KNEE CONTROL

Look-up table for [r/w?] (®

Knee Angle r/@? 14-bit representation
units: units: (implicit scale factor:
(degrees) (dn. -1b. -sec.?)  3.588x102 in.-1b. -sec.?
flexion flexion flexion
0 SPECIAL CASE - SPECIAL CASE
1 0 0
2 0 0
3 0 0
4 0 0
5 0 0
6 0 (1]
7 0 0
8 0 0
9 0 0
10 0 0
11 0 0
12 . 0516 000E
13 . 0473 000D
14 . 0905 0019
15 . 0868 0018
16 . 1250 0023
17 . 12090 0021
18 . 1538 0028
19 . 1479 0029
20 . 1780 0032
21 1715 0030
22 : . 1983 0037
23 . 1913 0035
24 . 2155 0030
25 . 2378 0042
26 . 2585 0043
27 . 2778 0040
28 . 2956 0052
29 . 3122 00§87
30 : « 3382 00SE
31 « 3527 0062
32 . 3780 0069
33 . 4031 0070
34 . 4150 0074
35S . 4395 007A
36 . 4638 0101
37 . 4883 0108
38 . 5207 0111
39 . 5680 011E

40 . 6391 0132



MPU-BASEO 897 KNEE CONTROL

a1 . 6864 013F
42 . 7813 015A
43 . 8301 0167
a4 .9322 0204
45 1.093 0230
6 1.397 0305
47 1.781 0370
48 2.216 0469
49 2. 711 0573
50 3,133 0669
51 © 3,537 075A
52 3.915 0843
53 3. 803 0824
54 3. 407 0735
55 3,029 064C
56 2.736 057A
57 2.498 0538
58 2. 264 0477
59 1. 959 0422
60 1. 745 0366
61 1. 457 0316
62 1.070 022A
63 . 549 0119
64 0 0
65 2.493 0537
66 SPECIAL CASE SPECIAL CASE
EXTENSION EXTENSION EXTENSION
0 SPECIAL CASE SPECIAL CASE
1 43. 56 SE68
2 13.3 1C7F
3 7. 688 105E
4 5. 498 0B7C
5 4.698 0A1D
6 4.221 0918
7 4.194 0911
8 4.167 0909
9 4.058 0872
10 4. 006 085C
11 3. 905 0840
12 3. 784 081E
13 3. 692 0805
14 3. 558 075F
15 3.431 073C
16 3.309 071A
17 3. 266 070E
18 3.130 0668
19 3.088 065C
20 2.878 0622

21 2.735 057A



MPU-BASED g8 KNEE CONTROL

22 2.519 053E
23 2. 380 0517
24 2. 242 0471
25 2. 045 043A
26 1. 910 0414
27 1. 794 0374
28 1.726 0361
29 1. 607 0340
30 1. 488 031F
31 1. 408 0308
32 1. 286 : 0266
33 1. 163 0244
34 1. 092 0230
35 0. 987 0213
36 0. 908 017D
37 0. 822 0165
38 0. 757 0153
39 0.712 0146
40 0. 663 0139
41 .« 630 0130
42 . 684 013F
43 . 694 ' 0141
44 . 730 014B
45 . 708 0145
46 . 694 0141
47 . 651 0135
48 . 634 0131
49 . 589 0124
50 « 567 011E
51 . 444 007C
52 . 270 004B
53 0 0
54 0 0
S5 0 0
56 0 0
57 0 0
58 0 0
59 0 0
60 0 0
61 0 0
62 0 0
63 0 0
64 0 0
65 0 0
66 SPECIAL CASE SPECIAL CASE



PRINT ON THE FULLUWING FAGLO 1o FARIIALLIE

MPU-BASED

LR ST Al R

KNEE CONTROL

9
FXBLCG lel MAID
* 51
ENT ATLF R227
3305 ¢
F-8292 X-50231
F=-8295 X-fC31
F=R297 X-7021
F-823A X-§021
F-82C7 X-80231
F=R2Cr X-30351
P-B2(L X-R021
F-823(C X-8C21
F=R29F X-P(2])
F=82£1 X-R(0Q21
F-8283 X-R(C31
F-Roee X=-2(021
F-82£9 X-8031
F-82p8 X-F(G21
F=R2£L X=SCEE
F=R2pF X-ROFF
F=-82k1 X-Rr2rE
F=32F¢ X-932k}
Fea2bs4 X=-RCECL
F=8PES5 X-8%C¢%E
F-82E¢€ X-R2FE
F-%42FE7 X=-FCFE
F=REIR X=-ALIF
F-82E9 X-3CLitb
F-892FA X-92EL

. *B808/3L (1}

*$7

ENL ACLEF REZEA
*B2F(C5 C
F-B2PLE X=KPEFE
F=RZC1 ¥-RoEx
F=B2C4 K-ZCLFE
F=RPCF X=-HEFE
F=82FF X-RzHEC
F=RZ(F X=rong
F=-22LC1 X-22R2
F=R2LP K=-8reRrp
F=-R2L& X-acre
F=220C¢ A-nps2
F~B2L€ X=-R2R2
F-B2L3 X=-82R92
*82FL5V
*R2CE; \

*5F

RELA

A=FF
A=FF
A=Cu4
£=C4
&=04
£=04
£-C4
£=-Cy4y
£=34
£=34
£=2%
A=2F
£=QF
A= 2F
£=-CF
&= 3F
£-EF
A-EE
&=ne
£=-R¢2
A=R2
£-012
£=RS
Rr=RZ
p=-29

RN
N
=1
O

[ }
DD D

U
A
NN N o= 0= N D b e AN

PDODHDD TR D DD

]
OMNDMNODIO R

A=C2

E-2C
F-3L
E-2T
E-3r
E-32
g-p
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¢=-CcC
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MPLU-BASEO

KNEE CONTROL

'P-B2FL X-RORF

*3802/C1 CE
*82FC; C

“F-82LE X-A232

*3T

ENLC ADDF BEL9
*3; P

F-82DD X-82&2
F-82LCE X-8B2KR2
P-82F0 X-82R?
P-82E2 X-8282
F-82E4 X-8282
F-82E7 X-8282
*82F95 V

*3 F

F=-§2Bp X-32FB
*x8803/CGE 3L
*82EC;3 C
P-82F9 X-8282
*%1

END ADLF 82ET7
*3F

F-82EE X=-3828%2
F=g2}LC X-3282
F-3CEF X-R2R2
F=BZF1 X-8232
*82F4; UV

* ) F

F-82F4 X=-8024
*$T

END ALTF 82F1
x; F

F=REZF5 X-RC24
F-82F€& X=-2GC34
F=RZF7 X=-8C34

‘F=-82F9 X=RC3&

F-82FF X-2C24
F-82FL X-30%¢
F=82FF K-BCl4
F=-2#301 X-20%4
F-823G3 X-8C24
F=-8305 X-R0Z¢4
F-R8307 X-2C24
F-RB312 X=-RCZ4
F-8314 K=RCZ&
F=-R315 X=-R(0J4
F-8317 X-B034
P=-8319 X-8CJ4
F-821k X=R034
F-B21C X-821F
F=RBJ1F X=R21f
F-A321 X=-821A
F-8322 X-221F
F=RQ328 X=7C1F

A-R2

82F1

£-3D
A-ED
£-ED
A-EC

E-832
E-82
E-R2
E-%2
E=-B2
E-R32

E-OE

c-32
E-R2
E-22
E-R2

E-89

c-cc
c-Ccoe
c-C9
c-C9
Cc-Cl
c-Cl1

c-Cco
c-Ca
c-CR
c-C8

S=007¢€

S-0CTF

$=CO07F
§=-QC7F
5-CQ7F
S-CC7F
S=CCTF
S-COQ7F

S5=007€

5=CO7F

§-QCTF
$-COTF
£-CO7F
S-CCTF

&=-CCTF

£=CCTF



MPU-BASED 101 KNEE CONTROL

*33285V
*3 F .
F«8328 X=-RQ90 A-CO E-51 C=-CC S=-CO7F
*91

END ADDER 8225 /8331

*3 F

F=3329 X-8090 A-CO E-AZ C-CA& S-CCT7F
F=8322p X-BC90Q A-0C E~A2 C-C4 S-0CTF
F=R22: X=B09Q £=Cr E=-AEZ C-C4 S=-CCIF
F=-R22L X-2CY9C £-CC E-£2 (~-C4 S5~-CCTF
F-822F X=-8C9C £-23 F-22 (-CC &
F=5331 X-209C £-2% E-£2 (C-CO £-007F
*232435

x5 F

F=-82324 X-8C30 A-Cl E-3t C=-CC &£=-CO7F
*931

END ALTH 7321 8340

*; F

F=-F3358 X-802C A-Cl &=-76 C-CC £-CC7F
F=RB33€ X-R(C3C £=-02 [=-7€ C=-Cf S$S=-CC7F
F-82337 X-8G3C A-C2 L-7€ C-CC $=-CC7F
P=B32A A=-72C30 £=C2 T~7€ C=-C0 &£-CC7F
F=833C X=7C1p £=C2 E=-1€ C=CR L=CCTF
F-833F X~21le p=-1) E=7€ C-CC £-CCTF
F=33LC A-3E1& A-1]1 E~7€ C~-CO S-CO7TF
*83433 4

*3 F

F=-8343 X-8031 A-CZ B=-S2 (=-CO £-CO7F
*91

ENLD £LIL6 274C #2(CL

*3F

F=3344 X=3C31 £-02 E=-pf C-LA
F-8345 X=8CZ1 £-04 E=-¢£€ C-CO
F-8346 X-8C31 &-CR b-£€ C-CO
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s
S
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g
<
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F=334f X-BCZ31 £-Co L-C2 C-CO
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F-825C X-RQ31 £-7F E-CE C-CO
F=3351 X=-FrZl £-9E FE-Cl C=-CC :=(CTF
F-8252 X-%(C31 £-3F F=-01 C-CGC S-CC"F
F=8283 X«RCZl F-3F k=-GC C=-C7 $=0CT7F
F=R354 X=3CZ1 £=%F L=-CC C=-C) £-007F
F-R235€ X=3CC1 £-3F F=CC (-(& Z-CCTF
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F-82(L X-HG31 A-9F E-CC C-CC $-CC7F
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MPU-BASED

KNEE CONTROL

EXELC 1
*CNOQ/C
ecotsce
1

END ALLC
*81CGC5 G
F=81C¢

F=31C¢4

F=81C¢

F=-g1C8

P-810p,

F=81GCC

F=-510C

F~810F

F=-811C

F-2111

F=811¢

F-8113

F-8115

F-8117

F-8119

F-811E

F-811L

F=-211F

P-8120C

F-gB1l22

F=3124

F-R12¢

F=-8128

F=-81¢2a

F=312C

F-212F

F-R12F%

F=8123C

F-R1Z21

F=2132

F=21C22

F=-8125

F=2137

F=2122

ol LEID

3 A2
Cl

t K189

X=20F5
X=80F5
X-80FS
X=80FS
X-ROFS
X=ROFS
X=-8CF5S
X=-8CFS
X=KRLCpS
X=-20F%S
X=-8CF¢S
X=-80FS
AK=~%CFS
X=20FS
X=A0F5
X=2Cr5S
X=-KQFS
X=3CFS
X=-2CFS
£=%CFS
X=3CFS
X=8CrS
X=-8CFS
X=HKCFS
X=RCFS
X=-RCFS
¥=2CFS
A=B8CF5S
H=2CEFS
K=%CFS
¥=A0rFS
X~ACkS
N=fICF3
X=2Cr8

A=11
A=-11
L=p2
A=-A2
A=£2
A=A2
A-SE
A=SE
~=CF
A=17
A-~CE
A=CS
£=C5S
A= SE
~£=-0E
A-0E
#-D1
A-C1
p=2F
£=-2F
A-2F
£=CF
F=2F
£=-20
=20
£=F1
£=0F
A=1F
F=ZC
=17
f=FC
£=F0
(=FF
&=}FF

E-00
E-G00
B-00
E-CC
B-80
E-80
B-8C
E-8C
B-80
L-80
E-80
E-80
E-80
E=RC
E-80
=80
E-2C
E-40
E~80
E-80
E-00
B-COC
E-CC
E-CO
E-CO
E-CO
F=CC
E=00C
r=C0
r=CcC
£E=CC
t=-C0
t=Q0
L=-cr

C-F4
C-F4
C~F8
C-F¥8
C-F8
C-Ek8
C~F1l
C-F1
C-FO
C+~F3
C-F3
C-F3
C-F1
C-F1
C-F1
C-F1
C-F9
C-F2
C-F1
C-F9
C-F5S
C-FS
C-r1
C-F1
C-F1
C-F9
C-F1!
C-¥C
C-FC
C-FC
C-r¢
C=F4
C-r8
(-F3

S=FrRA
S=FFR&
S=FF8A
S=FFRA
S-FF8aA
S=FFB&
S-FF3A
E-FFBA
S-Fr34
S-FF3p
5=-FFRA
S-FrBA
S-FF3a
S-FF3A
S-FF3A
S=FFRA
S-FF3p
S-Frae
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MPU-BASED

KNEE CONTROL

F-81:FE
F-R12ar
F-81ZF
F-8141
P-8142
F-81¢5
F-8147
F-8143
F-B14EF
F-214r
F-814F
F-2151
F-8152
F-8155
F-2157
F-8157
F-81SF
F-815sLC
F-g1SF
F-81¢1
F-81¢3
F-8165
F-81l¢€¢
F-81¢7
F-B1exn
F-81¢€9
F-81¢€s
F-81¢E
F-R16C
F-51¢€C
F=~K1€F
F=-817C
F-8172
F-81%4
F-8175
P-g817¢6
F=8177
F-8178
F-R179
F-817a
F-817E
F=817C
F-817L
P-817F
F-R181
F-2182
F-8185
F-R1R7
F-218%
*COCC/ e
ccolsrt
o0co2/co
0063711
00C4/ 42

X=%CF5
X-2QF5
=4 FE
X-3CFF
X=BQFF
X-8CFE
X=2CFE

X=8CFF

X-«cer
X-8CeE
X=-RG2F
X-802E
X~802E
X-RCEE
XK=aces
X=8025
X-8C2S
X=3CES5
X=%CES
X-8C25
X=R20r 8
X=BCFS
X=2CFS
X=RCF&
X=2CFS5
A=6CFS
X=]CFS
X=¢CF5S
X=20F5
X=3CFS
X-8CFS
X=5CF5
X-8CFS
X=%CFS
X=3CF5S
X-30F5
X=ACFS
X=-80FS
AK=8CF5S
X=8CF5S
X=8CF5
X=-80FS
X=2CFS
X=-80FS
X=-20FS
X=RCFS
X=8CF5
X=RCFS5
K=80F5

2

A=50
£=70
£-30

£-L2

£-L?
£F-20
F=-CF
A-CF
A-CF
f=1C
£-1C
£=-20
A=25

a=-25 E

~-25
£=CA
A=-08
A=-C5
A=-FS
A=-F}5
A=FS
A= 4E
£=LE
A=-25
R=2E
£=12
A-12
A=C3
£=09
F=C4
A-CL
£=04
£-C4&
£=-1C
A-1C
A-QE
£A=CE
£=Q7
£-C7
A-03
=02
F=C1
A=-Cl
A=C1
&=CC
F£=-CC
A=11
A=11
£=11
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C-F8

C-F8

C-F8
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C-FC
C-F8
C-FC
C-FO
C-FC
C-FC
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C-r%
C-FC
C-FC
C-rC
C-F&
C-F2
C-Fg
C-FC
C-F4
C-r2
C-re
(-F2
C-Fp
C-FC
C-F0
C~-F2
C-FA
C-F0C
C-F3
C-FcC
C-r4
C-FO
C-F¢
C-FC
C-F4
C-F2
C-Fa
C-#3
C~FA
-9
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C~-L3
C-FC
C-FC
C~FC

S~FFHA
S-FFeA
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S-FFRF
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S-FFFA
E-FFBA
S-FFEA
S-FFBA

-FFBe
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