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A microcomputer-controlled
spark advance system

A. D. Robbi|J. W. Tuska

A microcomputer can calculate and control the exact time of spark firing as a funotion of
speed and load to give better engine timing accuracy and dynamic response than a
mechanical advance-retard system. Microcomputer conirol aiso allows the engineer to
bulld in additional features, such as sutomatic mistire protection, and has noticeably

mproved “driveabliity” in road tests.

DURING the 1950's solid-state devices
capable of switching the primary current
of an automobile ignition coil became
available. Ignition systems using these
transistors, normally with a specially
designed ignition coil, were built by
enthusiasts and offered on the after-
market in cither kit or finished form by
many suppliers. These systems retained
the conventional mechanical breaker
points, but the breaker points switched
transistor base current rather than coil
current. Well-designed “transistor igni-
tion systems™ increased the amount of
energy delivered to the spark plugs and
extended the mileage that the vehicle
could be operated without significant
performance deterioration.

Breuakerless electronic ignition systems
became available as a factory option
during the 1960's,' and by late 1973 a
significant percentage of the new
automobiles produced in North America
were assembled with breakerless solid-
state ignition systems as standard equip-
ment. It was at this time that we decided
to investigate and implement a fully
electronic spark timing system. The
authors, and their colleagues, are not
automolive engineers; and we do not
profess to know all the answers to the

problem of controlling a modern internal
combustion engine so that it provides
excellent driveability and performance,
certifiably low emissions, and improved
fuel economy. We believed that a system
in which the exact times of spark firings
were calculated and controlled elec-
tronically, as a function of engine speed
and load. would offer improved timing
accuracy and faster response than con-
ventional advance-retard sysicms with
centrifugal weights and mechanically
moved sensors in the distributor.

We further believed:

Dthat a digital system based on a
microprocessor would give us the capability
1o provide the required spark timing and the
Hexibility to casily modily the spark timing
based on additional sensor inputs or vehicle
information:

2)that a microprocessor-controlled spark ad-
vance system would allow the automotive
cagineer new (reedom to employ
sophisticuted control algorithms in a cost-
cifective way. via software, for ideal ignition
timing over a greater range of conditions.
both environmental and operational. than is
possible with mechanically constrained
systems: and,

3)that a true test of the suitability of a CMOS
microprocessor. the RCA COSMAC. for
engine control, was to build such a system
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and operale it in the hostile environment of
an automobile.

The system was designed to match the
ignition specifications for the 302-cubic-
inch displacement, 8-cylinder engine of
our instrumented station wagon, and
instatled on that vehicle. A year of vehicle
operation over a variety of driving con-
ditions, specific tests, and demonstrations
has confirmed our beliefs.

In the subsequent sections we describe the
spark timing problem and its mechanical
solution, the approach we have taken,
and the performance of our system.

Spark timing

Spark timing is a critical parameter for
the modern internal-combustion
gasolinc-fucled engine because the spark
initiates the combustion process. The
combustion of the gas-air mixture in the
cylinder of an engine should cause the
maximum pressure (o occur very near the
time when the piston has completed the
compression stroke and is about to begin
the expansion stroke. The relative timing
of the spark must be variable because the
speed of combustion of the mixture is not
the same under all engine operating
conditions, and engine operating speeds
vary by a factor of approximately 10 from
idle to maximum speed. Thus, at a 500-
rpm idle speed, 3° of relative spark timing
corresponds to | millisecond of time;
while at 5000 rpm, | millisecond of time is
equivalent to 30° of relative spark timing.

Factors influencing the combustion pro-
cess include the air/ fucl ratio, the engine
load, the throttle opening; and on recent
engines, the amount of cxhaust gas recir-
culation (EGR) added.

Spark timing is normally referred to as
the angle in degrees of crankshaft rota-
tion between the angular position of the
crankshaft when spark occurs and its
position when the piston passes from the
compression stroke to the power stroke
(top dead center, or TDC). Spark oc-
curring on thc compression stroke is
referred to as “advanced™ as it occurs
before top dead center (BTDC); while a
“retarded™ spark occurs on the power
stroke and is after top dead center
(ATDC). Fig. 1 illustrates thesc relative
piston-crankshaft positions.



Nearly all automotive ignition systems,
whether conventional breaker-point, coil
or variable-reluctance-triggered solid-
state types, change the spark advance
angle by mechanical means. Changes that
are proportional to engine speed (or
depart from that relationship as needed)
are usually obtained by a centrifugal
device that rotates the reluctor (or
breaker-point cam) with respect to the
distributor shaft in the direction of shaft
rotation. This relative rotation increases
with speed and generates a trigger (or
opens the points) sooner than otherwise,
resulting in an earlier (advanced) spark
firing.

Changes to the spark advance angle to
adjust lor torque load or throttle angle
are generally accomplished by sensing
one or more pressures, (e.g.. the intake
manitold or carburetor venturi pressure).
The differential between the sensed
pressures, or sensed pressure and at-
mospheric pressure. is applied via a
flexible diaphragm and rod to control the
partial rotation of the nominally
stationary plate in the distributor that
supports the trigger coil (or breaker
points). Rotating this plate opposite to
the shaft rotation increases the spark
advance angle. and since the sensed
pressurc 1s less than atmospheric for
normal engines, this component of spark
uming s frequently referred to as
“vacuum spark advance.™

I'he “vacuum spark advance™ and “cen-
tritugal™ (or rpm) advance components
are combined in the distributor to
produce the desired spark timing. Since
these components are mechanically
generated, their operation is subject to
wear. {riction, and fatigue of the restoring
springs.

I'hus far we have delined advanced spark,
retarded spark, TDC, and have identified
the rpm and vacuum components of
specific spark timing. These and two
additional terms timed maximum ad-
vance (TMA). and RE¥F, the minimum
spark advance —areshown in Fig. 2. REF
15 the position of spark firing when no
rpm or vacuum advance components of
spark timing are considered; «n engine is
usually timed for this spark 10 occur at
the designated crankshalt position by
rotating the distributor housing relative
to the engine block. TMA represents the
most advanced time of spark firing and is
the sum of the maximum values of rpm
and vacuum advance.
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Fig. 2 — Spark timing.
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Up to now we have defined our spark
timing in terms of crankshaft degrees.
The term dwell is generally referred to in
ignition system discussions as an angular
measure of the time during which current
tlows in the primary winding of the
ignition coil. This term. however. is
measured in degrees of distributor shaft
rotation, which is half the crankshaft
speed in a 4-cycle engine. The formula
below indicates that for a typical 8-
cylinder dwetl of 30°, current flows in the
ignition coil primary for 2;3 of the
available time.

ndicated dwell

Duty cyvede =
available ume per eylinder

indicated dwell

360° + no. of eylinders

System overview

The hardware constituents of the ex-
perimental spark control system are
shown in Fig. 3. The digital system output
is a trigger signal to a commercial high-
energy electronic ignition.” The ignition
clectronics determine the spark duration
and initiate dwell, and this information is
fed back to the digital system. Following
the manufacturer’s specifications,’ the
spark advance is computed as the sum of
two components, vacuum advance and
rpm advance. Vacuum is determined by
mcasuring a Hall-effect voltage, which is
4 function of diaphragm position. Rpm is
determined by measuring the duration of

a synchronizing signal derived from the
distributor. This signal also serves as a
reference point for counting degrees 10
the desired firing angle and as a timer for
delault firing.

The flywheel, with 164 teeth on its cir-
cumference, is an excellent source of
crankshatt angular rotation and position,
as it is rigidly attached to the crankshaft.
The crankshaft electronics converts the
tooth count to a 328-cycle-per-crunk-
revolution wave. Each pulse may be
considered to correspond to a “tooth
degrec™, which is thus 360/328 actual
crank degrees. To fire an advanced spark
the computational system performs two
primary tasks: computing the advance
{rpm + vacuum) in tooth degrees, and
counting tooth degrees from a reference
point, TMA, to the desired firing point.
The computation is rapid enough to
allow a freshcomputation foreach spark.
This. and the fact that spark is syn-
chronized with the crankshafi, which
may accelerate as much as 209 per spark
firing (14 revolution), gives rise to an
excellent dynamic response.

The possibilities of misfiring (too early or
too late) or an omitted firing are reduced
by a failsafe stratcgy employed in the
interface. Computer-initiated sparks are
gated by the TMA-REF signal, thus
preventing misfiring. If a computer-
initiated spark does not occur in the
interval, the interface initiates spark at
REF. This mode is intentionally used
when the starter is active or if an override
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toggle switch located in the passenger
compartment is closed.

A flow chart for the main program loop
accomplishing the spark compuiation
and control is shown in Fig. 4.
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Fig. 4 — igaition program flow.

Peripheral circuits
and sensors

Two of the peripheral sensors shown in
Fig. 3, the distributor and the vacuum
sensor, are experimental  devices
fabricated by members of the Labor-
atories Automotive Systems Group
based in Somerville.* While more con-
ventional sensors, representative of the
state of the art of the most recent
automotive production sensors, could
have been used in our system. these
experimental types were chosen as part of
an ongoing program to investigate and
develop effective solid-siate sensors
fiting the anticipated needs of the
automotive industry,

The distributor for this experimental
system is greatly simplified when com-
pared to the distributor of a conventional
ignition system. The experimemtal dis-
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tributor is illustrated in Fig. 5. There is no
movable baseplate for vacuum advance
changes, and no centrifugal advance
mechanism with weights, pivots, and
springs. A standard distributor housing
was used to facilitate installation and to
accommaodate a cap and rotor designed
for high-energy ignition service. The dis-
tributor shaft, conventionally gear-driven
from the engine, directly drives an in-
verted segmented cupped ferrous disc.
The cight equally-spaced segments rotate
between the magnet structure and the
Hall-effect detector of the variable-
reluctance sensor attached to the dis-
tributor bascplate. The distributor shaft
extends above the disc to drive the rotor,
which directs the high-energy ignition to
the proper spark plug as in conventional
systems,

‘The geometry of the rotating segments is
chosen such that the sensor output, after
amplification and standardization by the
distributor  clectronics, Yyields the
“distributor gate™ waveform shown on
Fig. 2. The output from the distributor
clectronics is digital, with state transitions
of high to low at TMA, and low to high at
REF. The amplitude (“high™ = +5V,
“low™ = 0V) is independent of speed. This
output is capable of driving the high-
encrgy clectronic ignition modaule directly
without the input/output interface or
failsate clectronics. A firewall toggle
switch is included in our installation
should the need for the direct connection
arise, and as a convenience for moving the
vehicle when the COSMAC-eontrolled
system is removed for bench testing or
modifications. (Spark firing occurs at
REF at all times when the direct connec-
tion is used.)

The vacuum sensor connects (o the nor-
mal “vacuum advance port™ on the
engine. Pressure (less than atmospheric—
hence vacuum) variations cause a flexible
diaphragm in the sensor to change posi-
tion. A Hall transducer converts the
diaphragm position to a voltage. This

_ analog voltage controls the pulse width of

a triggered monostable, providing two
outputs that are a function of vacuum—
the continuous analog voltage and the
width of the monostable pulse.

Crankshalt rotation is measured by a
variable-reluctance magnetic sensor in
close proximity to the gear teeth on the
outer circumierence of the flywheel. The
output from the sensor is approximately
sinusoidal in shape, and as there are 164
teeth on the test vehiclke's flywheel, the
frequency is 164 cycles per crankshaft
revolution. The sensor output is con-
verted by the crankshaft clectronics to a
128-cycle/crankshaft-revolution  square
wave of constant amplitude (5V). These
electronics consist of a full-wave diode
bridge. voltage clamping, amplification,
and wave-shapingcircusts. The frequency
is doubled to enable its direct use in the
spark calculation to a resolution of ap-
proximately | degrec.

The ignition coil used is a standard high-
energy coil, .controlled by a high-energy
electronic ignition module intended for
operation with a breakerless distributor.
Our only modification 1o the ignition
module was the addition of an
intermediate-stage dwell output. {Dwell
is initiated by the ignition module ekec-
tronics and this information isan input to
the digital system.)

COSMAC interface

The experimental system was developed
on the COSMAC Microkit. a
hardware/software development system
based on the RCA CDPI80I
microprocessor.* The interface circuitry
unique to the ignition system resides on a
4- by 6-in breadboard that fits into one of
the empty slots in the Microkit
backplane. A block diagram of this
module is shown in Fig. 6. The Microkit
provides facilities not reguired for a final
product; the next step ina product design
would be to create a minimum-cost
system that performs in a functionally
identical manner. The interface described
here  uses the following Microkit
facilities: microprocessor. RAM
memory. PROM memory, address latch,
170 decode. and a byte 1/O input port
(interface to RAM memory).

The Microkit operates at the standard
Vop = 5V and clock frequency of 1.95
MHz2. This gives a machine cycle time,
and TPA (CPU timing pulse) period,of a
little over 4 us, and an instruction
fetch; execute time of a little over 8 us,
TPA, appropriately gated, drives botn
the VAC and RPM counters. The con-
tents of the VAC counter (and the
toggle; start switch position) are read into
memory by issuing an 1/O instruction
(10D) just after REF. Thecontents of the
RPM counter are read into memory by
DMA input cycles coused by crank
square-wave transitions (82 per firing
cyck). Since DMA cycles automaticaily
increment COSMAC register RO, its
position serves as a “tooth degree
indicator.™ RO is resct by program ateach
occurrence of TMA. The program in-
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itiates spark issuing an 1/0 instruction
(104) when the address in RO matches a
pre-calculated value, which is a function
of the advance.

Program description

As can be seen in the functional flow
chart of Fig. 4, the program operation is
synchronized by the distributor
waveform, which the program scnses by
testing an external flag (EF1). At REF,
by which time spark has initiated, the
VAC and RPM counts are read and the
spark advance is computed, in tooth
degrees. The program translates thisto a
count relative 10 TMA and waits for
TMA. At TMA the two counters are reset
and the vacuum monostable is started.
When the address in RO reaches the
appropriate tooth degree count, spark is
initiated and the program execution waits
for REF to start the next cycle.

Both the vacuum and rpm advance com-

,putations use a table look-up and inter-

polation subroutine, as both advance
components arc nonlinear funclions of
VAC and RPM. The smooth advance
curves shown in Fig. 7 are drawn through
limit values specified by the
manufacturer.' Obviously, mechanically-
caused advance is not expected (o be very
precise. The discrete points within the
curves correspond to look-up table values
stored in the program. Each of the tables
actually has 16 entries. but since the
abscissas are counts that are not scaled to
fit the bounds exactly, some points spill
beyond the limits shown (and are never
actually used). The table look-up routine
lincarly interpolates values between the
points shown to an accuracy of one part
in cight. On average, about 60 instruction
executions are required to return an
interpolated advance value, given a
vacuum or rpm value. Thus the com-
putational portion of program, from
TDC to REF, requires roughly | ms of
processing time. Even at 4000 rpm,
roughly 2.5 ms are available in this
interval, so the computing load on the
microprocessor is light.

The program itself occupies 192 bytes of
memory  storage, broken down as
follows:

Bries %

Main loop 7 3
Look-up subroutine 64 n
Initialization and starl-up 25 13
l.ook-up tablke dala 32 17
192 100
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Fig. 7 — Manulsciurer's specifications for mechanical control of ignition. Dots indicate siored-program dels.

It uses more RAM than it needs to.
because it is provided in the Microkit.
Since only 7 of the 16 available
COSMAC scratch-pad registers (2 bytes
¢ach) are used, only a single byte of RAM
for arithmetic and input; output would be
required.

System performance

When this microcomputer-controlled
spark advance system was first installed
on our test vehick we adjusted the
distributor position such that default
firing. or spark firing without vacuum or
RPM advance, would occur at the
desired time. We used a high-voltage
stroboscopic timing light that we had
used on this and other engines many
times. This time the timing marks on the
rotating damper, illuminated by the tim-
ing light, were much sharper and more
ckarly defined than we had seen before
onthis or other vehicles. We had expected
increased accuracy and improved
transient response from our system, and
this visible demonstration of more ac-
curate repeatability was the first of many
on-the-car confirmations of our expec-
tations. The vacuum and rpm com-
ponents of spark advance have been
measured individually. and in combina-
tion, on the operating engine. (The timing
light was clamped in position for ac-
curacy, and the standard timing scale (2°
graduations) replaced with a temporary
scale with accuratcly marked 1°
graduations. The measured advance
components were within £1° of the data
points in Fig. 7, with the exception that
approximately 2° of spark advance
results from manifold vacuums between 3
and 4 inches of Hg.
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Our station wagon, with its
microcomputer-controlled spark ad-
vance system, has been driven in dense
traffic and on open interstate roads, and
in temperatures varying from summer to
winter in New Jersey. The system has
been subjected to a varicty of intra- and
extra-vehicular electrical noisc, including
the repeated cycling of the vehicle’s air-
conditioner clutch, normal vehicle con-
trols (e.g., blower, turn signals, ¢tc.), a
550-W inverter, and the car's CB
transceiver. The vehicle has been driven
in the vicinity of rural electric fences and
of transmission sites, and has been sub-
jected to the radiated noise from SCR-
controlled power tools. During all of this
testing we have not experienced a failure
or detected any irregularities.

The “driveability™ of a vehicle is a
difficult term to definc and impossible to
measure in  an engineering  sense.
However. the change in driveability of the
test car with the experimental spark
advance system. as compared to the same
car with a well-maintained, freshly-timed
conventional system, is noticeable, with
an apparent improvement in smoothness
and response. The vehicle’s respon-
siveness, when the 302-cubic-inch engine
is operating under microcomputer-
controlled spark. is more readily felt than
described.
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