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FIGURE 10.10 Operating points of a proportional solenoid.
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FIGURE 10.12 Relationships of t, and £,

Figure 10,12 provides an overview of the relationships between , and t, and the parameters.

The eddy currents must also be considered in calculations dealing with electromagnets
intended for operation at high speeds or switching frequencies. When the excitation current is
applied suddenly, the progress over time for the magnetic force is

F,()=F(1-e™)?  for field generation

and
Ful)=Fe™  for field dissipation
with
= —Jlnih for rectangular cross sections
' p & (alb + bla)
with

= 4—(2%";‘)1;? for circular cross sections

where F,, = static solenoid force according to Eq. (10.1)
{ =time
I =length of iron core in which eddy currents occur
a/b = height/width of iron core (rectangular cross section)
d = diameter of iron core (circular cross section)
p = specific resistance
& = working gap

Lamination to inhibit eddy currents in de solenoids is not a standard procedure; its applica-
tion is restricted to extreme cases.

Figures 10.6 and 10.12 illustrate the fact that at a given voltage, small coil resistances will
furnish a small coil and short activation times, However, these benefits are accompanied by a
simultaneous increase in the power loss P, = U*/R. The coil is thus designed to operate at the
maximum permissible temperature.

Torque Motors. 'The torque motor consists of a stator and an armature—both made of soft
magnetic material—and a permanent magnet. The pivoting armature can be equipped with
either one or two coils.

Figure 10.13a shows only the magnetic flux penerated by the permanent magnet, The arma-
ture is resting at the center position, The magnitude of the magnetic induction is the same at all
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FIGURE 10,13 Design and operation of the torque motor.

gaps. Because equal amounts of force are generated at the armature ends, the forces acting on
it exercise a mutual canceling effect,

Figure 10.13b illustrates only that magnetic flux which is generated at the coil. Figure
10.13¢ shows the cumulative pattern for the fluxes from a and b, with increased flow at gaps 2
and 3 (®,/2 + ®/2) accompanied by reductions at gaps 1 and 4 (/2 - @.2). Using Eq. (10.1),
the torque in the center position is

MrF,,,rz-r—gg-"- wlie, M~1

where r=armature radius
A = pole face area

B, = magnetic induction in gap generated by permanent magnet

s = length of gap

w = number of coil windings

I'=current.

§

(10.10)

Torque motors are used for applications in which substantial forces are required over
small operating angles, They react more rapidly than electromagnets. In hydraulic and pneu-
matic applications, torque motors deliver good performance as drive units for flapper and

nozzle systems.

Electromagnetic Step Motors. Electromagnetic step motors are drive elements in which a
special design operates in conjunction with pulse-shaped control signals to carry oul rotary or
linear stepped movements. Thus, one complete rotation of the motor shaft will be composed
of a precisely defined number of increments, step angles ¢,. The magnitude of these angles is
determined by the phase number g, the pole pair number p, and by the number of teeth z in
the step motor. The step motor is thus capable of transforming digital control signals directly
into discontinuous rotary motion. In principle, the step motor is essentially a combination of
de solenoids. The caleulations employed for de solenoids are thus also suitable for application
with electromagnetic step motors. Depending upon the configuration of the magnetic circuit,
a distinction is made between three types of step motors: the variable-reluctance step motor
(neutral magnetic circuit), heteropolar units (polarized magnetic circuit), and hybrid devices.
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10.10  SENSORS AND ACTUATORS

FIGURE 10.14 () Heteropolar step motor and (b) hybrid step motor,

Due to its positive operating characteristics (holding force available in power-off state,
improved cushioning, lower control power requirement for a given volume), the polarized
step motor has come to be the most widely applied (see Fig. 10.14).

Drive systems featuring electromagnetic step motors combine the following characteristics:

« Field forces induce controllable, incremental movements (minimal wear).

+ Precisely graduated movements can be generated using an open-loop control circuit (with-
out position monitors or feedback signals).

+ High torque remains available at low angular velocities and in single-step operation.

» Brushless motor design makes it possible to create drive systems which combine reliability
with long service life.

The operating characteristics of the rotational step motor can be described with the aid of
a stationary torque-angle (M-¢) curve. A reasonable approximation can be obtained using
sinus-shaped curves with a phase displacement reflecting the switching states of the phase
windings (A, B, C) (Fig. 10.15a). Assuming that external torque inputs can be excluded, the
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FIGURE 10.15 (a) Stationary torque-angle characteristics and (b) step-halved.
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armature's stable position will be found where the backslope of the curve intersects the
abscissa (1, £ M =0,dM/d¢ < 0). Phase B, C, etc., can then be activated to perpetuate rotation.
The periodicity of the stable positions I, II, IIL is the step angle ¢,

If phase A is followed by simultaneous excitation of A and B with current pulses of the
same amplitude, the result is a summing pattern corresponding to Fig, 10.155. The geometric
step angle ¢, can then be halved. Alternatively, simultaneous excitation with current pulses of
different amplitudes (current control) can be used to subdivide ¢; to almost any degree
desired (microstep operation). However, the use of this strategy to enhance the step motor’s
positioning precision is not possible due to manufacturing tolerances. When step motors are
used in drive systems which rely upon open-loop control methods, avoiding stepping errors
becomes an important priority (synchronous response).

For critical applications, dynamic simulation of the step drive system’s dynamic response
pattern is recommended. Here, a good approximation is derived by portraying the step motor
using a transfer function of a second-order system. Dynamic response can also be evaluated
using the torque-step frequency pattern (M-f pattern) for potential step-error-free operation
in a start-stop frequency range, Fig. 10.16a, and an operating frequency range, Fig, 10.165.

mA } mA i

e [ —»

Additional
mament of inertia

> ,' >
without step error f without step error f
(a) (b)

FIGURE 10,16 Torque-step frequency characteristic.

The range in which step error does not occur contracts in response to additional inertial
torques or mobile masses, Impressed current induces an upward shift in the potential fre-
quency range which is larger than that derived from impressed voltage. This demonstrates
that the step motor’s response pattern is strongly influenced by the electronic control strategy.
The stepping frequency controls the angular velocity, the pulse distribution (A = B or A —
C, see Fig. 10.15) determines the direction of rotation, and the number of pulses governs the
pivot angle.

Step motors are only suitable for use as direct-drive elements (the motor’s armature oper-
ates directly against the actuated unit, no gear drive) in those applications where the influence
of load fluctuations and interference factors remains limited, as stepping errors can otherwise
occur. For this reason, digital linear actuators featuring integrated rotary step motors and
threaded spindles are becoming increasingly popular as linear-motion generators in high-
demand applications. When operated within a closed-loop control system, step motors can
provide improvements in dynamics, positioning precision, and sturdiness. However, the cost
advantages associated with open-loop operation are forfeited,

Moving Coils. 'The moving coil is an electrodynamic device (force applied to current-saturated
conductor in a magnetic field). A spring-mounted coil is located in the ring gap of a magnetic cir-
cuit featuring a permanent magnet. When current flows through the coil, a force is exerted
against it. The direction of this force is determined by the flow direction of the current itself
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SENSORS AND ACTUATORS

The positioning force can be calculated using
F=B,Lylie,F~1 (10.11)

where B, = magnetic induction in the gap
Ly = length of the coil wire
I = excitation current

As the force is not affected by the travel position, a spring can be included to produce a pro-
portional relationship between travel and current.

The advantages of the moving coil include low hysteresis and good linear response. Low
mass acts in combination with low coil inductance to provide excellent dynamic-response
characteristics. The main liabilities of this design lie in the low force and limited work per
stroke for any given unit dimensions.

dc Motors. dcmotors are used to discharge a multiplicity of functions in modern cars (today
up to 70 motors per vehicle). These motors are generally permanently excited de devices, as
the magnetic field remains continually available without additional energy consumption, For
economic reasons, these units are virtually always equipped with ferrite magnets.

Design and Operation. The dc motor depends for its operation on the forces generated
in a conductor within a magnetic ficld when current is applied.

The permanent-magnet-excited motor consists of

+ The magnetic circuit consisting of a permanent magnet for generation and an iron core and
a stator frame to conduct the magnetic flux

* Energized coils

* Carbon brushes and commutator, arranged to direct the current to the rotating coil while
maintaining the force flow in a single direction

The stationary characteristic can be represented using the following equations (see Fig.
10.17).

U=IR+ U, (10.124)
U=cz®0 (10.12b)
M=M,+M=cz®I (10.12¢)
R
o—{ 1 Uy = Terminal voltage
U, = Induction voltage
M - Shaft torque
M, - Starting torque
M; - Internal torque
i3 i Ui M, - Torque loss
¢ - Constant
z - Number of conductors
Y @ - Magnetic flux
w - Armature rotation
O frequency
| = Current

R - Armature resistance
FIGURE 10.17 dc motor, circuit diagram,
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After inserting Egs. (10.12b) and (10.12¢) in (10.124), with

U, s
o —— di d
Oy=— s (ideal idle speed) (10.13q)
U
M,=cz® i M,  (stall torque) (10.13b)
one obtains
M+ M,
m—mm(l— Mﬂ+M,) (10.14)
or, with idle speed wy= (M =0) e
M bl
; 1_#) : |
) (uu( . (10.15) |
The motor draws power P, from the dc circuit. ﬂ |
Pi=U1 (10.16) 1
or I{, |
= Y& g Mt M, ‘
Pi= 2 (M) =y By, iy (10.19) ?5-:!.

The output at the shaft is the mechanical power P,

P1=Mm=Mcou(1—%) (10.18)

Using Egs. (10.17) and (10.18), the efficiency 1 can be calculated as a function of the shaft
torque.

M(M - M,)(M,+M,)
MM, +M)

L
=5 (10.19)

e e e riBeTE
e e

Maximum efficiency as a function of load is obtained by setting the derivative dn/dM =0 with
Mo =M, + [MUM, + M,)]" (10.20)

In comparison, the output power derived with Eq. (10.18) reaches a maximum at M = M,/2,
and thus at a higher value.
Figure 10.18 shows a performance diagram with speed n, current I, and efficiency n as
function of the load torque M. It is not possible to determine speed and current separately.
Equations (10.124) through (10.20) illustrate the interactions and the factors that affect
the motor’s performance curve. The influence of the design parameters is shown in Fig. 10.19.
The magnetic flux @ is determined by the dimensions and intrinsic material characteristics
of the magnet, and by the stack length of the armature and the rest of the magnetic circuit, The
speed/torque curve responds to increasing magnetic flux @ by tilting progressively to the hor-
izontal axis; this response pattern is indicative of a more pawerful motor (see Fig. 10.19a).
Variations in the number of turns z change the idle speed n, at the same starting torque (see
Fig. 10.19); changes in the armature’s resistance (produced by selecting a different wire diam-
eter d) affect the stall current,and thus the stall torque, obtained at any given idle speed 1, (see
Fig. 10.19¢), The maximum achievable copper content is determined by the winding technique.
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"’Mv 0

FIGURE 10.18 Motor performance curve.

1 (dp>dy)

g (dy)
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FIGURE 10.19 Effect of design parameters on rotational speed.

Units used in real-world applications display small deviations from the theoretical perfor-
mance curve as a result of voltage drop at the carbon brushes, the current transfer to the com-
mutator, the armature reaction field produced by the motor’s current, and, finally, various
rotational and flux losses.

The options for using the electrical parameters to affect the rotating speed are illustrated
in Fig. 10.20, Variations in the voltage U (e.g., of the kind produced electronically with a pulse-
width modulation) produce a parallel displacement in the speed curve (Fig. 10.20a). Other
common options include the installation of a ballast resistor R, and the inclusion of a third
carbon brush. Less common (due to cost) is a design in which the winding is divided between
two commutators; these can then be activated individually, in parallel, or in series. Servo
motors generally operate for brief periods of time, but also over the entire range represented
by the unit’s characteristic curve.

Each motor must be built specifically for the operating conditions anticipated for the indi-
vidual vehicle. Ferrite magnets must be selected for the lowest potential temperature, as it is
here that the resistance to demagnetization is lowest. When circumstances demand, ther-
moswitches can also be included to provide protection against overheating,

Automotive actuators must be small and light. Motor volume is directly proportional to
torque requirement, At the same time, the power output is proportional to torque multiplied
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T np (Up>Uy)

=

ny (Uy)

M—=
(@) (b)
FIGURE 10.20  Speed vanations in de motors,

by rotating speed. Thus, the output can be increased by raising the operating speed; here the
accompanying rise in noise levels is the limiting factor. Small motors are equipped with gear-
drive units to obtain the required levels of actuating force.

Magnetostrictive Actuators. Ferromagnetic materials respond to increased magnetic field
strength by expanding or contracting (magnetostrictive effect). This is due to the Weiss'
domains turning in the field direction. The maximum contraction obtained with iron is
-8 um/m. Highly magnetostrictive materials composed of rare-earth/iron alloys display a
maximum elongation of 1500 to 2000 pm/m. Maximum potential elongation is obtained at the
optimal mechanical pre-tension T; (Fig, 10.21).

m!'f'”r m ‘L
Material; Tbﬂ.-??DYO.'(SFBI.B
(Terfenol-D)
20 To=Mechanical
re-tension
H To=14MPa
§ 151
)
5
w 10 Tu =0
05
0 L l I 1 L I 1
-40 -30 -20 ~-10 0 10 20 30 40 KkA/mm

H

FIGURE 10.21 Magnetostrictive form variations as a function of field strength.

The specific advantages of the magnetostrictive transformer are high actuator forces, rapid
response, good rigidity, and a high level of electromechanical efficiency,

The disadvantages include the small variations in length, the high power loss associated
with generation of the large maximum field strengths which the unit requires (also in static
operation), the length variation with hysteresis, the expense, and the limited availability of the
requisite materials. The material is also brittle and difficult to machine.

The commercial availability of the transformers is limited to units designed for research
purposes. We are not familiar with any applications in production motor vehicles.
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10.2.2 Electrical Actuators

Piezoelectric Actuators. 'When mechanical compression and tension are brought to bear on
a piezoelectric body, they produce an asymmetrical displacement in the crystal structure and
in the charge centers of the affected crystal ions. The result is charge separation. An electric
voltage proportional to the mechanical pressure can be measured at the metallic electrodes
(direct piezoelectric effect).

If electric voltage is applied to the electrodes on this same body, it will respond with a
change in shape; the volume remains constant. This reciprocal piezoelectric effect can be
exploited to produce actuators, Sintered ceramics, lead-zirconate-titinate (PZT), are the com-
monly used materials for these applications. The precise composition can be modified to
obtain the desired material characteristics. The magnitude of the shape change depends on
the electric field strength E. The relevant equation is E= U/ s (U= voltage, s = electrode gap).
Single-element actuators require field strengths of up to 2 kV/mm and therefore very high
voltage to achieve maximum travel (see Fig. 10.22).

mm/m

Material: PXE 52 (Philips)

1.5

1.0+

Elongation

0.5

0.0 |
-15 =1 =05 0 0.5 1 1,5 kV/mm

FIGURE 10,22 Form changes as a function of electric field strength,

Stacked-design translational devices consist of piezoelectric layers of between 0.3 and 1
mm in thickness, featuring a metallic electrode between each layer, This design is employed to
Jower the voltage (down to, for instance, 800 V) while simultaneously increasing the excursion
rate. The layers are electrically parallel and form a series circuit (see Fig. 10.23a).

Flex elements are formed by joining two layers with varying intrinsic rates of elongation.
The elongation occurs along the vertical axis of the direction in which the field strength is pro-
jected (transverse effect). Flex elements display larger excursion rates with lower actuating
forces (see Fig. 10.23b).

New manufacturing techniques make it possible to produce multilayer piezoelectric
devices with thinner layers; these can be used to obtain the required field strength at voltages
as low as approximately 100 V and below.

However, due to the numerous parallel elements, the advantages associated with the low con-
trol voltage are obtained only at the price of increased capacitance and higher operating currents

The positive attributes of the piezoelectric actuator include a high dynamic response level,
substantial actuator force, voltage-proportional elongation, excursion with no power con-
sumption in static operation, and (practically) no wear in the piezoelectric element.

The corresponding liabilities include minimal elongation changes, high operating voltage,
hysteresis during elongation, a temperature-sensitive stroke, and a drift in operating response
as the unit ages. The material itself is brittle and difficult to machine.
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a b
Elongation Al Parallel to Perpendicular to

electrical field electrical field
Design types

|
J- 7

Typical regufation Al g7 9 Al <1000 um
distance and elongation o ™ and more
max. statical load < 35000N <001..005N
Typical operation 150 ... 1000 V 10...300V
voltage 60... 150V

(muttitayer)

FIGURE 10.23  Design and specifications of different transformer versions.

Piezoelectric actuators are applied in precision positioning devices and as active oscillation
dampers. Potential automotive applications (with a voltage supply of 12 V) have yet to be
thoroughly investigated. However, it is expected that the piezoelectric actuator—and the mul-
tilayer stacked-design device in particular—will gain popularity in closed-loop automotive
control systems, where they will serve as a replacement for the conventional actuator in appli-
cations requiring a higher level of performance.

Electrostatic Actuators, Tn the past, use of electrical field forces was restricted to some
measurement devices and to the acceleration of charged particles. Microactuator technology
makes it possible to apply these small forces in mechanical drive devices. These devices com-
bine high switching speeds with much smaller energy loss than that found in electromagnetic
actuators. The disadvantages are the force/travel limitations and the high operating voltages.
At present, microactuators are rarely encountered outside the research laboratories; thus, the
electrostatic actuator’s current commercial significance is negligible.

Electrorheological Fluids. 'The electrorheological effect is based on polarization processes
in minute particles suspended in a fluid medium. These particles modify the fluid’s viscosity
according to the orientation in the electrical field. The effect can be employed to adjust the
viscosity between “freely flowing” and “rigid.” Reaction times are measured in ms. Among the
disadvantages are interference factors, temperature sensitivity, high voltages, control powers
of several hundred watts, and the price, which is still high. The electrorheological effect is
exploited in controlled transfer and damping elements.

10.2.3 Thermal Actuators

Temperature-Sensitive Bimetallic Elements. 'The temperature-sensitive bimetallic element
is composed of at least two bonded components of varying thermal-expansion coefficients,
When heat is applied, the components expand at different rates, causing the bimetallic ele-
ment to bend. When electrically generated heat is applied, these devices become actuators.
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10,18  SENSORS AND ACTUATORS

The passive component is characterized by a lower thermal-expansion coefficient. Mean-
while, the active component should maintain a constant coefficient of thermal expansion over
the largest possible range.

The passive element in the most common type of temperature-sensitive bimetallic device
is invar (FeNiy), while the active component is an alloy of iron, nickel, and manganese
(FeNipMng). Common element configurations include strips, coils, spirals, and wafers, Tem-
perature-sensitive bimetallic devices are readily available and inexpensive. They can be
applied at temperatures of up to roughly 650 °C, and display a high degree of consistency in
their shape-change response (up to several million cycles). The drawbacks include the modest
actuator forces, the low work potential for a given volume (energy density), and the fact that
only a single type of shape modification (flexural) is possible.

Memory Alloys. Memory alloys are metallic materials which exhibit a substantial degree of
“shape memory.” The explanation for this phenomenon can be found in the reversible, ther-
moelastic martensitic transformation, in which two different crystal structures are adopted.
As long as the temperature remains below the transformation threshold, the structure
remains martensitic. However, when the alloy is heated beyond the transformation tempera-
ture, it responds by becoming austenitic.

The element’s shape is changed permanently by the one-way effect. If the element s
heated to beyond the transformation temperature, it returns to its former shape. If the com-
ponent is then reshaped after cooling, the entire process can be repeated. Thermomechanical
pretreatment processes can be employed to achieve a two-way effect. The component then
assumes one defined shape when heated, and another when cooled,

Yet another phenomenon is superelasticity. Application of loads produces an extension of
up to 10 percent; the effect is reversed once the load is removed, However, because this effect
is extremely sensitive to temperature, it has yet to be employed in the construction of actua-
tors. The materials are commercially available, the base materials are nickel-titanium (NiTi-)
and copper-zinc-aluminum alloys (CuZnAl-). The transformation temperatures of these
alloys lie between ~100 and +100 °C, with the one-way effect also being obtained outside this
range.

The benefits of memory alloys include the high effective output for a given volume and the
ability to complete work cycles within a minimal temperature interval of 10 to 30 °C. The
memory components can be formed to suit the particular application, The wire’s resistance
can be employed for direct heating. The material itself can be formed with or without physi-
cal machining, and can also be welded. Among the disadvantages must be counted the limited
thermal range of application and the high price.

Memory alloys are used as drive, final-control, and triggering elements in various technical
applications (automotive, household appliances, heating and climate control, medical tech-
nology, etc.). The forms assumed by the actual components include triggering wires, coil
springs, and flex and torsion elements,

The memory element can be used as sensor and actuator—for instance, in a liquid
medium—in which temperature changes will induce shape changes in the component,

Expansion Elements, The expansion element exploits (he volume-versus-temperature
response of specific solid and fluid media which exhibit large coefficients of thermal expan-
sion. The volumelric response is converted to a stroke motion. The expansion medium is
housed in a rigid container. The motion is converted to a stroke using diaphragms or elas-
tomer inserts. Electrically controlled expansion elements find application as actuators,
Expansion elements are inexpensive and robust, and combine large stroke travel with sub-
stantial positioning forces.

However, these devices are only suitable for application within a limited temperature
range. Their dynamic response is also less than overwhelming. Expansion elements are widely
applied in automotive technology (for instance, choke actuators on carbureted engines).
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10.3 AUTOMOTIVE ACTUATORS

10.3.1 Antilock Braking

(See Chap. 15 and traction control systems, Chap. 16.)

Both antilock braking systems (ABS) and traction control systems (ASR) limit the rate of
slip between tire and road surface. These systems enhance vehicle stability and steering
response while maintaining optimal braking
and acceleration characteristics. ABS and
Master cyinder (MC) = @ ASR employ a single set of actuators to
Swichingvave L] modulate braking pressure. In addition, ASR
devices supplement braking intervention by

adjusting engine output,

Actuators for Braking Intervention. Brak-
ing pressure is regulated normally via 2/2
solenoid valves (valves with two ports and
b two switch positions, see Fig. 10.24). When no
= 9/0-Solencid  current is applied, the inlet valve remains
valve open and the outlet valve is closed, allowing
unrestricted wheel braking.
ABS/ASR systems modulate pressure by
controlling two 2/2 solenoids for each wheel

Retum circuit R or for two wheels of one axle. With no cur-
&.,J'-_ rent, the inlet valve remains open while the

Wheel cyfinder (WC) ?ﬂ outlet valve stays closed. To maintain pres-
sure, current is applied to the inlet valve.

FIGURE 1024 ABS/ASR hydraulic circuitry Pressure release is obtained by transmitting

current to both valves.

Various pulse sequences applied to the
inlet valve generate a step-by-step increase of the wheel braking pressure (wheel brake pres-
sure modulation).

Using the same pulse sequence for the outlet valve while the inlet valve remains closed, a
step-by-step brake pressure decrease in the wheel cylinders is achieved. Switching and prim-
ing valves of a 2/2 type can be incorporated in the circuit to provide the additional functions
required for the ASR (Fig. 10.25).

Solenoid Valve Design.  One part of the magnetic circuit is located in the hydraulic cham-
ber; here the armature and the pole piece simultaneously serve as valve elements in a design
known as the wet solenoid. The solenoid coil and the other part of the magnetic iron circuit
are localed outside the hydraulic chamber. This design requires the presence of a pressure-
resistant sealing element, This element must also be nonmagnetic, in order to ensure that the
magnetic flux flows through the working gap and the armature in the desired fashion.

The solenoid circuit is designed to provide reliable switching and pressure maintenance at
maximum femperature (maximum coil resistance ), minimum voltage, and maximum pressure,
At the same time, armature clearance and residual gap must both be adequate to ensure that
the valve continues to function at low temperatures (brake-fluid viscosity changes exponen-
tially (by three powers of ten) in the range between —40 and +120 °C). The maximum operat-
ing pressures can extend in extreme cases to more than 200 bar, Typical switching times are 4
to 10 ms. Dynamic response is evaluated according to the pressure variation at a specified
control pulse. The duty-cycle requirements for ABS are minimal, but ASR switching and
priming valves must be capable of 100 percent permanent duty. The maximum cycle numbers
correspond to several million actuations.
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Inlet valve

Outlet valve Priming valve Switching valve

vl

MC |

G e I s C— - e

R Pump WC

FIGURE 10.25 2/2 solenoid valves for ABS/ASR.

ETC with Throttle-Aperture Adjustment. ~ Either of two standard methods can be employed
for throttle regulation. Electronic Throttle Control (ETC) systems feature an actuator (servo
motor) mounted directly at the throttle valve. On systems incorporating a traction-control
actuator, the actuator (servo motor) is installed in the throttle cable (Bowden cable).

The design configuration of the electronic throttle-control actuator is illustrated in Fig,
10.26. To enhance clarity and facilitate understanding, all rotating components (except the
throttle plate) are portrayed as linear-motion devices. The throttle shaft travels between two

Retum spring  Driving dog Intermediate piece

Throttle plate Coupling spring

DC-Motor
Throttle shaft ~ Potentiometer  Stop closed throttle  Stop open throttle  Gear

FIGURE 10,26 Operation of electronic throttle control.
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motion limiters; these define the closed throttle and maximum aperture positions, The shaft is
powered by a dc motor via a dual-gear drive. When the motor is off, a return spring pulls the
intermediate piece back toward the idle-air stop, The driving dog pushes the throttle shaft
toward the idle position. The coupling spring holds it in a defined idle position, This position
corresponds o an idle speed ensuring adequate engine power to maintain power-steering and
brake operation in the event of system failure.

Current can be applied to the dc motor in either direction. One direction opens the throt-
tle plate and tensions the return spring. The other direction closes the throttle plate, When the
throttle plate closes all the way, the coupling spring is tensioned. Two potentiometric throttle-
position sensors are included in a design calculated to provide redundant system capacity. The
electronic control unit uses the signals from these sensors o regulate motor current for the
desired throttle position; the signals thus represent part of a closed-loap control system.

Traction-Control Actuator. The actuator can be installed in any of several locations
within the engine compartment. No modifications to the throttle body are required.

Figure 10.27 illustrates the operating principles in a simplified linear flow pattern (the
actuator components are actually rotary elements). The ends of the Bowden cable sections
are connected to rotary cam/linkage spring assemblies,

Transmission throftle valve Traction control actuator

Automatic adjuster |_ Cruise j

Throttle body | contral cam | Cruise control

Automatic

Potentiometer '
(Throtle) L

Throttle retum spring Driving plate  Gear  Motor retum spring

FIGURE 1027 Operation of a traction-control actuator located between the accelerator pedal and throttle
body,

Under normal operating conditions, the pressure applied at the accelerator pedal is
relayed through the Bowden cable and linkage spring coupling to open the throttle valve. The
servo motor comes to life when the ABS/ASR control unit transmits a command to reduce
the throttle-valve aperture. The seryo motor pulls the engagement mechanism to the left via
gear drive and Bowden cable, Once the initial take-up range has been covered, the linkage is
activated to reduce the throttle-valve opening. The servo motor is deactivated as soon as the
ASR no longer requires throttle-valve regulation. A return spring then brings the motor back
into its original position, allowing the traction control actuator to drive back to its original at
rest position.

The traction-control actuator can also be used in conjunction with a cruise-control system.
A separate cam connects the Bowden cable for the cruise control to the actuator assembly,
This layout is employed to retain the option of traction-control infervention when the cruise-
control system is activated.
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10.22  SENSORS AND ACTUATORS

Because the linkage spring must be considerably stronger than the throttle-return spring,
it exerts a perceptible effect on the resistance at the accelerator pedal.

Another approach to engine intervention is embodied in a design in which the linkage
spring is integrated within the throttle body. Yet a further option is to install a second throttle
valve which remains open during normal operation; a separate Bowden cable is installed
between this throttle body and the actuator to regulate the valve for active traction-control
duties. Because the linkage spring is installed parallel to the throttle-return spring, the preload
is substantially lower than that generated by the design described here; there is almost no per-
ceptible feedback at the accelerator pedal. Actuator weight and dimensions are also reduced
substantially.

10.3.2 Fuel-Injection for Spark-lgnition Engines

(See Chap. 12.)

Electronically controlled fuel injection systems meter fuel with the assistance of electro-
magnetic injectors. The injector’s opening time determines the discharge of the correct
amount of fuel.

On single-point injection units, one injec-

tor unit is installed at a central location
upstream from the throttle valve. Multipoint
injection systems feature a separate injector
at each cylinder (Fig. 10.28). This type of
injector is located in the manifold tract just
above the intake port into which it dis-
charges its fuel,
Operating Requirements. The injectors are
2/2 valves with coaxial fuel inlet and lateral
plug. They operate with minimal strokes of
less than %o mm.

Besides the precise opening and closing,
the reliable sealing and the discharge pattern
which an individual injector provides are all
largely determined by the design of its
metering apparatus, thus exercising a major
effect on starting and response, fuel con-
sumption, and emissions,

Electromagnetic injectors have to fulfill
the demand for precise fuel metering, consis-
tent linear response at minimal quantities,
extended dynamic flow range (DFR), good
spray formation and atomization, positive
seal at injector seat, resistance to corrosion,
operating consistency, and low noise.
FIGURE 10.28 Injector unit for multipoint fuel Low-resistance injectors with current-
injection system. controlled output stages achieve shorter

switching times. See Table 10.1.

10.3.3 Fuel Injection for Diesel Engines

Distributor-Type Fuel Injection Pumps contain rotary solenoid actuators for injection quan-
tity, and two position valves for engine operation and shutoff.

The fuel quantity injected by an in-line pump is a function of control-rack position and
pump speed (Fig. 10.29),
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TABLE 10.1 Typical Injector Specifications

Multipoint Single-point
Units injection injection
Line pressure . . . max. kPa 200-380 100-300
Static flow at 250 kPa, g/min 100430 -
at 100 kPa, g/min — 200-520
Opening time ms 15 0.75
Closing time ms 0.8 0.65
Variation ratio (DFR) 1:10 1:16
Durability >mio.cycle 1000 1000
Needle/armature weight g 43 20
Length mm 7 53

The control rack of an EDC in-line pump is shifted by a linear-motion solenoid with a
conic armature and base for long stroke application (see pages 10.5 and 10.6). The actuator is
attached directly to the pump.

When no current is applied to the linear-motion solenoid, a spring pushes the control rack
into the stop position and thus interrupts fuel delivery. As current increases, the control-rack
travel and, with it the injection quantity, increase,

Typical operating data of the solenoid actuator are (full load, stationary condition): rack
travel 13 mm, spring force 32 N, ECU current output 6 A, 200 Hz. By pulsation of the ECU-
current, the actuator friction is minimized. Maximum rack travel is about 20 mm,

The electronically controlled unit injector (Fig. 10.30) has been developed to meet the
future emissions regulations by realizing high injection pressures and precise control of start
of injection and injection quantity.

Pushrod,
driven by
engine : ure
camshaft ; :'(E:ncp}ﬁalve

Pump
piston

Inductive ring for rack-travel sensor
Retum spring Linear solenoid

Cylinder => Fuel retum
head

Control

Nozzle
FIGURE 1029 EDC linear-solenoid actuator. FIGURE 1030 Unit injector. i
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10.24  SENSORS AND ACTUATORS

The unit injector combines injection pump and injection nozzle into a single unit, which is
installed directly into the engine cylinder head and driven by the engine camshaft. High injec-
tion pressures of 1600 bar and more are readily attainable due to low dead volume of com-
pressible fuel.

In order to control start and end of injection, each unit injector contains a time-controlled
high-speed solenoid valve. When the valve is open, the unit injector plunger delivers fuel to
the low-pressure fuel supply circuit without any injection into the engine cylinder. When the
solenoid valve is closed, fuel is delivered to the nozzle for injection into the engine cylinder.
Thus, the fuel injection quantity is determined by the time interval between closing and open-
ing of the valve.

Typical switching times for a medium duty/heavy duty truck application are: closing period
at rated power, 1000 ps; opening period at rated power, 600 s, The whole injection process
must be completed within a period of about 1 to 2 ms. Consequently, the solenoid-valve
motion must occur with an accuracy of less than 10 pis in order to ensure compliance with the
usual tolerances for fuel injection quantity and start of injection.

10.3.4 Actuators for Passenger Safety

(See Chap. 24.) Pyrotechnical actuators are used for passenger-restraint systems such as the
air bag and the automatic seat belt tensioner, When an accident occurs, the actuators inflate
the air bag (or tension the seat belt) at precisely the right instant. Specifications call for the
belts to be fully tensioned ~ 10 ms after ignition, while ~ 30 ms are allowed between the igni-
tion point and total inflation for the air bag.

Air bag actuators are available in various sizes, according to vehicle type and application
(driver or passenger side), and they are dimensioned to generate gas volumes of between 30
and 200 dm’, The gases and gas mixtures used for these devices are nontoxic. The section fol-
lowing describes the operating principles for various actuator types.

Pyrotechnical Air Bag Inflator (Gas Generator). Figure 10.31 is an example of a driver-
type inflator, When sufficient current is sent through the initiator, or squib, a thin metal fila-
ment covered by a sensitive pyrotechnic charge heats up and ignites this charge (Fig. 10.31a).
The ignition of the squib provides enough energy to light a booster charge, whose combustion

A

~@80... 140 mm

Y

Booster charge

) BN
b [ 5
(RN ’%ﬁl

RCH

Filter Squib Solid propellant
FIGURE 1031 Gas generator,
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builds up adequate pressure and heat to start the chemical reaction, converting the solid pro- \
pellant, or gas generant, into gas (Fig. 10.31b). The resulting nontoxic hot gas flows over a { 1
series of screens, filters, and baffles, cooling down prior to leaving the inflator through exit :
ports located inside the air bag (Fig. 10.31¢). The duration of this process is less than one-tenth

of a second. 1

Hybrid (Compressed Gas and Pyrotechnic) Air Bag Inflator.  Figure 10.32 is an example of agsi
a passenger-type tubular inflator. When sufficient current is sent through the initiator, or |
squib, a thin metal filament covered by a sensitive pyrotechnic charge heats up and ignites this
charge (Fig. 10.32a). The ignition of the squib provides enough energy to propel a projectile
through a rupture disk, allowing the escape of stored nontoxic compressed gas (Fig. 10.32b).
The projectile also strikes two primers, lighting a solid pyrotechnic mass, which in turn heats
the remaining stored gas (Fig. 10.32¢). The expanding heated gas flows out of the inflator
through exit ports located inside the air bag (Fig. 10.32d). The duration of this event is less
than one-tenth of a second.

L o e e e e

10.3.5 Actuators for Electronic Transmission Control

SEan

Continuous operation actuators are used to modulate pressure, while switching actuators
function as supply and discharge valves for shift-point control.

In automatic transmissions, response times of 2 ms must be ensured in circuits with flow
diameters of up to 2.4 mm, carrying up to 4 dm’ per minute at a differential pressure of 200
kPa, all within a temperature range extending from —40 to 150 °C; pressure can increase up to
2000 kPa.

ENGE & MATN Sof s

On/Off Solenoids. Various versions of the on/off solenoid valve are in use (two-port, three-
port, open base state, closed base state). These valves are normally employed for shifting
gears, but can also serve in special applications such as control of converter lockup mecha- o
nisms or reverse lockouts. Substantial weight savings can be obtained from the use of plastics. | I
On/off valves are controlled through basic switching output stages. Peak-and-hold control e
strategies can provide weight and size savings,

Variable-Pressure Solenoids (Pressure Regulators). Pressure regulation must remain pre-
cise during switching operations and when holding line pressure. Here, analog valyes have

Squib Projectile  Primer Compressed gas

|
1

Exitpots ~ Rupture disk Solid pyrotechnic mass

FIGURE 1032 Hybrid air bag inflator,
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10.26  SENSORSAND ACTUATORS

proven extremely effective. Extremely stable output pressures are achieved by recirculating
the controlled pressure to the valve element, making it possible to maintain stable output
pressures in the face of interference factors like downstream leakage, supply-pressure fluctu-
ations, and viscosity variations in the hydraulic fluid. Figure 10.33 shows a typical version of
the three-way pressure-control valve, the spool valve. This design provides flow rates of 4
dm?/min at pressure differentials of 2 bar. In order to limit the effects of hysteresis on the pres-
sure/flow response characteristic, mechanical friction must be minimized and materials with
low coercive field force must be employed and heat-treating processes are also needed to
minimize material-related hysteresis. Choppers in the current-controlled end stage reduce
power loss and induce friction-reducing micromovement in the armature. Pressure regulators
are also available as seat valves,

Spool Filter Flange Armature Helical Coil PTFE-bearing

. Adjustment
— screw
r .
i Terminals
— Housing

Diaphragm  Rod
bearing

FIGURE 10.33 Variable-pressure solenoid.

PWM Solenoids (Pulse-Width Modulated Solenoid Valves). Onloff poppet valves are partic-
ularly well suited for direct actuation from microcomputers, The component layout is less com-
plicated than that found in proportional valves, allowing reductions in manufacturing costs,
Because microcomputers operate on the basis of discrete time, equidistant setpoint selection,
direct valve actuation via constant-frequency pulse represents the optimum design configuration,
When the solenoid-actuated valve is switched on and off at a constant supply pressure, the
resulting average outlet pressure is a function of the ratio between open and closed states.
However, this design lacks the proportional valve's ability to compensate for interference due
to such factors as system leakage, temperature, and fluctuations in supply pressure. This type
of actuator thus represents a reasonably priced alternative for applications in which the con-
trol pressure is not the controlled variable, but rather is used as a manipulated variable.
These units can be used in automatic transmissions to select gear ratios, or to reduce
torque-converter slip losses by modulating the contact pressure of the lockup clutch, Simple
switching output stages or peak-and-hold circuits govern the electric control signal to the
PWM valve. When used in conjunction with the appropriate valve design, this type of control
can be used to obtain cycle frequencies in excess of 100 Hz. In some applications, such as con-
tinously variable transmissions (CVT), a life expectancy of 2 x 10° cycles is demanded.
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10.3.6 Actuators for Headlight Vertical Aim Control

Devices enabling adjustment of headlight range enhance safety by maintaining the correct
aim under all vehicle-load conditions. Range adjustment can be manual, with a driver-oper-
ated switch, or it can be automatic, The same headlight-adjustment actuators are employed
for both designs. The actuator is mounted directly on the headlamp bracket or housing, and
adjusts the headlight insert or the reflector.

The actuators are dc or step motors producing a rotary motion which gear-drive units then
convert to linear movement. Due to the fixed relationship between the motor’s incremental
response (steps) and the attendant linear motion, no travel sensor is required with step
motors, The total adjustment range extends as far as 8 mm. A single step corresponds to a
turning angle of 15 degrees, or an adjustment travel of 0.03 mm. The motor returns to the ini-
tial (zero) position (mechanical travel limiter) each time the system is activated in order to
prevent step losses.

The step motor combines the following advantages:

* Extremely precise positioning through digital control.

* High adjustment speeds of up to 8 mm/s; different control frequencies can be selected to
obtain variations. This system allows graduated adjustment at constant vehicle speeds (con-
sistent lighting) and rapid response during acceleration and braking.

10.4 TECHNOLOGY FOR FUTURE APPLICATION |

ENNGR & AMATER S

The motivation to develop new actuators is created by the potential advantages of new man- ‘
ufacturing and driving techniques in combination with new materials. The following examples
illustrate representative fields of innovation, |

10.4.1 Micromechanical Valves it 4

Micromechanics technology stems from the adaptation of production methods employed in
microelectronics. Lithographic miniaturization procedures and etching and assembly tech- E
niques make it possible to manufacture minute structures with a high degree of precision. .
Micromechanical production methods have already become established in the field of sensor /
manufacture, Electronic circuitry and sensors can be manufactured from the same material
(primarily silicon) in simultaneous production processes to furnish integrated components; i
the benefits associated with this process represent numerous potential advantages. ]

In automotive applications, microactuators display potential as elements in open-loop con-
trol systems where low control power is to be converted, for instance, regulating the flow of b
fluids in hydraulic or pneumatic systems and metering fuel. i

For micromechanical manufacturing, valve designs are required in which planar units with
relatively low structure heights are stacked. The energy conversion principles employed to
operate the valves correspond to the planar structure (e.g., electrostatic drive, electrothermal
or piezoelectric flux converters). I

The pressure-balanced seat valve is a basic example of this kind of microvalve (Fig, 10.34), !
This type of microvalve is produced in a manufacturing process entailing sequential struc- R
turing and bonding of four wafers. Depending on the required dimensions for the single i
valve and the resulting surface requirement, as many as several hundred elements can be JBY
produced simultaneously on each wafer stack. Further efforts must be directed to solving  SER
packaging problems before these microstructures can be used to control fluid supply and dis-
charge processes.

—

'-n'
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10.28  SENSORS AND ACTUATORS

FIGURE 10.34  Pressure-compensaled seat valve.

10.4.2 Positive-Engagement Friction Drives

Single piezoelectric actuators provide high dynamic positioning response over short actuating
distances. The search for suitable mechanisms employing active piezoceramics to extend the
effective travel range has given rise to a multiplicity of drive concepts sharing common
attributes:

* Combination of single high-frequency motions (up to the ultrasonic range) to achieve a
continuous drive movement

* Output element actuation using friction engagement

Ultrasonic Motor. Of all the designs utilizing piezoelectric actuator technology, the ultrasonic
traveling wave device has reached the most advanced stage of development (Fig. 10.35). A sta-
tor ring featuring teeth on the upper surface, and made of a material providing low material
damping (bronze), is flex-mounted on an end shield via a central diaphragm. A flat piezoce-
ramic ring is bonded to the underside of the stator ring. This piezoring is polarized along the ver-
tical axis of the ring plane. The direction of the polarization changes segmentally (Fig. 10.36).

Rotor = Piezo ceramic ring
Rubber washer End shield
Stator ring
k Shaft
Disk spring = Bearing

FIGURE 10.35 Traveling-wave motor, Shinsei type.
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FIGURE 10.36 Segmentation and control of the piezoring. ' Ef'
"
The electrical contacts are arranged to provide two excitation regions, each featuring eight | :‘5
segments and two small zones. The zone length corresponds to either % or 1% segments. Thus a €
segment of the excitation zone extends through %s of the stator’s circumference. When voltage |2
is applied to an excitation region, the piezos of one polarization direction contract along the cir- 3
W

cumference direction (lateral piezo effect), while the piezos of the opposite polarization orien-
tation expand. This effect produces a wave-shaped flux in the stator ring in the affected region.

If the region is then excited with ac voltage (for example, 100 V at approximately 40 kHz I
in existing motors), the result is an oscillation pattern which extends to encompass the entire |
stator ring, Excitation in the frequency of the ninth flex mode of the stator provokes a stand- |
ing wave on the entire stator. Resonance step-up is employed to achieve amplitudes of 20 ym. ! |

If an excitation current is now applied at the second excitation region with ac voltage at a dl
90° lateral displacement, the two waves overlap to form a traveling wave. i

In addition to the up and down motion, one point on the upper surface of the stator pro- : |
duces—by means of tilting movement of those teeth which are situated above the neutral :
axis—a motion along the periphery (£2 um). When the two motions combine, the surface
points move in an elliptical pattern (Fig. 10.37).

Rotor —»»

<<— Rotalional direction of shaft <e—
FIGURE 10.37 Drive mechanism.
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A disc spring and a rubber washer are pressing the disk-shaped rotor in Fig. 10.35 against
the stator. The elliptical motion of the stator teeth drives the rotor through friction contact
with its contact layer. Speed is adjusted by, for example, varying the excitation frequency, with
the stator’s oscillation amplitude being monitored.

The salient characteristics of the ultrasonic motor are: high torque (up to 1.3 Nm), low rpm
range (30. .. 130 rpm), bidirectional operation, substantial characteristic retension force, free
of clearance, no run-on, potentially precise positioning, noiseless operation, and flat unit con-
figuration,

Ultrasonic motors are suitable for use as direct-drive devices, The disadvantages include
the substantial, high-frequency control voltage, and the limitations on service life due to wear
on the friction surface.
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GLOSSARY

Actuator The part of an open-loop or closed-loop control system which connects the elec-
tronic control unit with the process. The actuator consists of a transformer and a final-control
element. Electric positioning signals are converted to mechanical output.

Closed-loop confrol A process by which a variable is continuously measured, compared
with a reference variable, and changes as a result of this comparison in such a manner that the
deviation from the reference variable is reduced. The purpose of closed-loop control is to
bring the value of the output variable as close as possible to the value specified by the refer-
ence variable in spite of disturbances. In contrast to open-loop control, a closed-loop control
system acts to offset the effect of all disturbances.

Commutator The commutator is a current switcher. For dc machines, the commutator
switches the armature windings so that the resultant force always acts in the same rotary
direction. This requires a reversal of the armature winding connection every 180°. The current
supply to the armature is via brushes which contact the commutator.

Eddy current In metals moving in an inhomogeneous magnetic field or located in a chang-
ing magnetic field, induced currents circulate throughout the volume. Because of their general
circulatory nature, these currents are referred to as eddy currents,

Ferrite magnet  [n small transformers where eddy current losses must be kept to a minimum,
the cores are made of ferrites which are complex oxides of iron and other metals. These mate-
rials are ferromagnetic, but have relatively high resistivity.
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Final-control element The second or last stage of an actuator to control mechanical output.

l

Numeric field calenlation A method of numerically calculating fields with the help of com- 1
puter programs, such as the methods of finite differences or finite elements. E | F
b

Open-loop control A process within a system in which one or more input variables act on
output variables based on the inherent characteristics of the system. An open control loop i
a series of elements that act on one another as links in a chain. In an open control loop, only
disturbances that are measured by the control unit can be addressed. The open loop has no
effect on other disturbances.

Peripheral magnetic voltage The line integral of the magnetic field strength around a closed |
path. !

Va=¢H ds

According to Ampere’s law, the peripheral magnetic voltage is equal to the magnetomotive
force ©.

e —— -

Piezoelectric effect The direct piezoelectric effect is the ability of a piezoelectric crystal to
produce an electric voltage when subjected to a force. The inverse piezoelectric effect is the
ability of a piezoelectric crystal to deform when subjected to an electric voltage.

Pilot-controlled actuator An actuator that uses one or more additional energy sources to
transform the input signal to an output signal. The pilot-controlled actuator consists of a chain
of energy positioners and energy transformers that produces an amplification due to their
series configuration. i

NI & AMATH SO i insARY

Self-induction Every current is surrounded by a magnetic field with field lines that are inter-
linked with the current lines. This leads to an induced source voltage in the conductor or coil
when the current strength is changed. This phenomenon is called self-induction.

Weiss' domains  Ferromagnetic materials have strong interaction among the atoms. Sponta-
neous local magnetization can occur, even though no external magnetic field is present. These
so-called Weiss’ domains, sized from 0.01 to 1 mm, are small elementary magnets, which are
randomly distributed in the material and are first directed when an external field is applied.
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CHAPTER 11

AUTOMOTIVE
MICROCONTROLLERS i
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A microcontroller can be found at the heart of almost any automotive electronic control mod-
ule or ECU in production today. Automotive systems such as antilock braking control (ABS),
engine control, navigation, and vehicle dynamics all incorporate at least one microcontroller
within their ECU to perform necessary control functions. Understanding the various features |
and offerings of microcontrollers that are available on the market today is important when
making a selection for an application. This chapter is intended to provide a look at various
microcontroller features and provide some insight into their characteristics from an automo-
tive application point of view.

ENGS & pMATH S

11.1 MICROCONTROLLER ARCHITECTURE AND PERFORMANCE
CHARACTERISTICS

A microcontroller can essentially be thought of as a single-chip computer system and is often
referred to as a single-chip microcomputer, It detects and processes input signals, and
responds by asserting output signals to the rest of the ECU. Fabricated upon this highly inte-
grated, single piece of silicon are all of the features necessary to perform embedded control
functions. Microcontrollers are fabricated by many manufacturers and are offered in just
about any imaginable mix of memory, 1/0, and peripheral sets. The user customizes the oper-
ation of the microcontroller by programming it with his or her own unique program. The pro-
gram configures the microcontroller to detect external events, manipulate the collected data,
and respond with appropriate output. The user’s program is commonly referred to as code
and typically resides on-chip in either ROM or EPROM. In some cases where an excessive
amount of code space is required, memory may exist off-chip on a separate piece of silicon.
After power-up, a microcontroller executes the user’s code and performs the desired embed-
ded control function. FRIEN
Microcontrollers differ from microprocessors in several ways. Microcontrollers can be 3} g
thought of as a complete microcomputer on a chip that integrates a CPU with memory and '
various peripherals such as analog-to-digital converters (A/D), serial communication units
(S10, SS10), high-speed input and output units (HSIO, EPA, PWM), timer/counter units, and
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standard low-speed input/output ports (LSIO). Microcontrollers are designed to be embed-
ded within event-driven control applications and generally have all necessary peripherals
integrated onto the same piece of silicon, Microcontrollers are utilized in applications ranging
from automotive ABS to household appliances in which the microcontroller’s function is pre-
defined and limited user interface is required.

Microprocessors, on the other hand, typically require external peripheral devices to per-
form their infended function and are not suited to be utilized in single-chip designs. Micro-
processors basically consist of a CPU with register arrays and interrupt handlers. Peripherals
such as A/D and HSIO are rarely integrated onto microprocessor silicon. Microprocessors are
designed to process large quantities of data and have the capability to handle large amounts
of external memory. Although microprocessors are typically utilized in applications which are
much more human-interface and I/ intensive such as personal computers and office work-
stations, they are beginning to find their way into embedded applications.

Choosing a microcontroller for an application is a process that takes careful investigation
and thought. Items such as memory size, frequency, bus size, I/O requirements, and tempera-
ture range are all basic requirements that must be considered when choosing a microcon-
troller. The microcontroller family must possess the performance capability necessary to
successfully accomplish the intended task. The family should also provide a memory, I/O, and
frequency growth path that allows easy upgradability to meet market demands, Additionally,
the microcontroller must meet the application’s thermal requirements in order to guarantee
functionality over the intended operating temperature range. Items such as these must all be
considered when choosing a microcontroller for an automotive application.

11.1.1 Block Diagram

Usually the first item a designer will see when opening a microcontroller data book or data
sheet is a block diagram, A block diagram provides a high-level pictorial representation of a
microcontroller and depicts the various peripherals, I/O, and memory functions the micro-
controller has to offer. The block diagram gives the designer a quick indication if the particu-
lar microcontroller will meet the basic memory, /O, and peripheral needs of their application,
Figure 11.1 shows a block diagram for a state-of-the-art microcontroller. It depicts 32 Kbytes

KTALY XTALZ

r
1
! 52 Koytes !
= 5112 bytes on-chip ¥,
L LT LT br— V¢
1 code RAN EPROM FOWER |4
i [ wo :"
1 e Vs
BT | P H GHD
| reawsacrion |10 wid 1 p— ¥5;
I: SERVER ot 1 Mamory B
" (F15) R : 6 Controlier e CONTROL SIGHALS
Prat
" - i bl - ABOR/DATA BUS
: L Lo Lty Co T - - 16 :
1 1
i 1
| 1
5 Progremmable I
Voo ek | A/D Converter !
= {10 Bit) é:"{"ﬁ"‘ “ EVENT PROCESSOR I
ANGND (8 Channals) nichiiod ARRAY !
—+ v P (€PA) :
1
1
]
i
1
I
L ]

ACHO -7

4444
4544 | & 484 a8
- S v
L 1L\r 4 .
E %
o &
& g

EFAD -9

FIGURE 11.1 Microcontroller block diagram.
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of EPROM, 1 Kbyte of register RAM, 6 /O ports, an A-to-D converter, 2 timers, high-speed
input/output (1/0) channels, as well as many other peripherals. These features may be “exces-
sive” to a designer looking for a microcontroller to implement in an automotive trip-com-
‘puter application but would be excellently suited for automotive ABS/traction control or

engine control.

11.1.2 Pin-Out Diagram

A microcontroller's pin-out diagram is used to specify the functions assigned to pins relative to
their position on a given package. An example pin-out diagram is shown in Fig, 112 Note that
most pins have multiple functions assigned to them. Pins that can support more than one func-
tion are referred to as multifunction pins. The default function for multifunction pins is nor-
mally that of low-speed input and output (discussed later in this chapter). If the user should
wish to select the secondary or special function associated with the pin, he or she can do so by
writing to the appropriate special function register. There are some exceptions. A good exam-
ple is pins used for interfacing to external memory, If the device is instructed to power-up exe-
cuting from external memory as opposed (o on-chip memory, the address data bus and

associated control pins will revert to their special function as opposed to low-speed 1/0.
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FIGURE 11,2  Microcontroller pin-out diagram.
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11.1.3 Central Processing Unit

The central processing unit or CPU can be thought of as the brain of a microcontroller. The
CPU is the circuitry within 2 microcontroller where instructions are executed and decisions
are made. Mathematical calculations, data processing, and control signal generation all take
place within the CPU. Major components of the CPU include the arithmetic logic unit (ALU),
register file, instruction register, and a microcode engine. The CPU is connected to the bus
controller and other peripherals via a bidirectional data bus.

Microcontrollers are, for the most part, digital devices. As digital devices, microcontrollers
utilize a binary numbering system with a base of 2. Binary data digits or bits are expressed as
either a logic “1" (boolean value of true) or a logic “0” (boolean value of false). In a 5-V sys-
tem, a logic 1" may be simply defined as a +5-V state and a logic “0” may be defined as a 0-V
state, A bit is a single memory or register location that can contain either a logic “1” or a logic
“0" state. Bits of data can be arranged as a nibble (4 bits of data), a byte (8 bits of data), or as
aword (16 bits of data). It should also be noted that, in some instances, a word may be defined
as the data width that a given microcontroller can recognize at a time, be it 8 bits or 16 bits.
For purposes of this chapter, we will refer to a word as being 16 bits. Data can also be
expressed as a double word which is an unsigned 32-bit variable with a value between 0 and
4,294.967,295, Most architectures support this data only for shifts, dividends of a 32-by-16
divide, or for the product of a 16-by-16 multiply.

The most common way of referring to a microcontroller is by the width of its CPU. This
indicates the width of data that the CPU can process at a time. A microcontroller with a CPU
that can process 8 bits of data at a time is referred to as an 8-bit microcontroller, A microcon-
troller with a CPU that can process 16 bits of data at a time is referred to as a 16-bit micro-
controller. With this in mind, it is easy to see why 16-bit microcontrollers offer higher
performance than their 8-bit counterparts. Figure 11.3 illustrates a typical 16-bit CPU dia-

: RALU il Memory Controller
. Master 681t "o ;
. ™ Program/Counter —H 4 Loop Counter M— + . BUS ——
. wiincrementer wiDecramenter o CONTROLLER Memory |
CPU : Upper word 2nd Operand o Bus s
" — register —>1 I Register = B Mux '
‘ wiShifter P 7 i
_________ : Lower word e :
; ; M register o |
. Hng.'Ster il wiShifter Srrm Al # f ‘ T '
: ile ! o ;091‘“’ ' i | 4By ! Siave || Ador ' Daa |
A \ " Queus , PC Req. | v i
| YoM Staws ol L
' b Word i T T I
. | Register | ', be 1 '.
o] Ram | i B R g ATt LT T
. e \ mux / :
\ i) Instruction !
y Aegister X
i r i '
'. | : AN/ i Interrupt
! Ny h Microcode | Controller
| come [t ]| Engne |
e Lt § R T CPU Controland
"""" S, Salm S

CPU BUSES

»
~
v

FIGURE 11.3 16-bit CPUL

IPR2023-01234
Petitioner - Ex. 1017 - Page 224



AUTOMOTIVE MICROCONTROLLERS ~ 11.7

gram. The microcode engine controls the CPU. Instructions to the CPU are taken from the
instruction queue and temporarily stored in the instruction register. This queue is often
referred 1o as a prefetch queue and it decreases execution time by staging instructions to be
executed. The microcode engine then decodes the instrictions and generates the correct
sequence of events to have the ALU perform the desired function(s).

Arithmetic Logic Unit. The ALU is the portion of the CPU that performs most mathemat-
ical and logic operations. After an instruction is decoded by the microcode engine, the data
specified by the instruction is loaded into the ALU for processing. The ALU then processes
the data as specified by the instruction.

Register File. 'The register file consists of memory locations that are used as temporary stor-
age locations while the user’s code is executing. The register file is implemented as RAM and
consists of both RAM memory locations and special function registers (SFRs). RAM mem-
ory locations are used as temporary data storage during execution of the user’s code. After
power-up, RAM memory locations default to a logic 0" and data in SFR locations contain
default values as specified by the microcontroller manufacturer.

Special Function Registers. SFRs allow the user to configure and monitor various periph-
erals and functions of the microcontroller. By writing specific data to an SFR, the users can
configure the microcontroller to meet the exact needs of their application, Figure 11.4 shows
an example of a serial port SFR used for configuration. Note that each bit location within the
SFR determines a specific function and can be programmed to either a logic “1” or “0”. If
more than two configuration choices are possible, two or more bits will be combined to pro-
duce the multiple choices. An example of this would be the mode bits (M1 and M2) in the
example SFR (Fig. 11.4). Bit locations marked “RSV™ are reserved and should be written to
with a value as indicated by the manufacturer.

SP_CON (1FBBH)

7 6 5 4 3 2 1 0
0 0 PAR TB8 REN PEN M2 M1
M2, M1 Mode Function
00 Mode 0: Synchronous
01 Mode 1: Standard asynchronous
10 Mode 2: Asynchronous (receiver interrupt on 9th bit = 1)*
1 Mode 3: Asynchronous (9th bit = parity or data)**
PEN Panty Enable. Enables the Parity function for Mode 1 or Mode 3; cannot be
enabled for Mode 2. )
REN Receiver Enable. Enables the receiver '3 write to SBUF_RX.
T88 Transmission Bit 8. Set the ninth data bit for transmission (Modes 2 and 3). Cleared after
each transmission; not valid if parity is enabled.
PAR™" 0 = even parity
1 = odd parity
Bits 6, 7 Reserved; write as zeros for future product compatibility.

* Mode 2: Asynchronous (receiver: interrupt on 9th bit = 1; transmitter: Sth bit = TB8)
** Mode 3: Asynchronous (receiver: always interrupt on 9th bit; transmitter; 9th bit = parity for PEN = 1

*** Par bit only available on 8XC196KT and KS devices.

9th bit = TBB for PEN = 0

For 8XC196KR, JR, KQ, JQ devices, this bit should be written as a zero
to maintain compatibility with future devices.

FIGURE 114 Special function control register example,
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SP_STAT (1FBSH)

7 6 5 B 3 2 1 0
RBB/RPE R Tl FE TXE OE X X
Bits 0,1  Reserved; ignore data.
QE Set on buffer overrun error.
TXE Set on transmitter empty. When set may write 2 bytes to transmit buffer.
FE Framing error; set it no STOP bit is found at the end of a reception. When set may write
1 byte to transmit buffer.
T Transmit interrupt; set at the beginning of the STOP bit transmission.
Rl Receive interrupt; set after the last data bit is received.
RPE (Parity enabled) Receiva parity error (Modes 1 and 3 only); set if parity is enabled and a
parity error occurred.

RB8 (Parity disabled) Received Bit 8 (Modes 2 and 3 only); set if the 9th bit is high on reception.
FIGURE 115 Special function status register example.

Some SFRs can be read by the user to determine the current status of a given peripheral.
Figure 11.5 shows an example of a serial port status register that, when read, indicates the cur-
rent status of the microcontroller’s serial port. Note that each bit location corresponds to a
particular state of the serial port. Bit locations marked “RSV” are reserved and should be
ignored when read.

Register Direct vs. Accumulator-Based Architectures. Microcontroller architectures can be
classified as either the register-direct or accumulator-based type. These terms refer to the
means by which the CPU must handle data when performing mathematical, logical, or storage
operations.

Register-direct architectures allow the programmer to essentially use most, if not all, of the
microcontroller’s entire RAM array as individual accumulators. That is, the programmer can
perform mathematical or storage operations directly upon any of the RAM locations. This
simplifies task switching because program variables may be left in their assigned registers
while servicing interrupts. Figure 11.6 illustrates a register-to-register type architecture (such

X
Y
£ 1
v
ALU
Register File
——2 ]
Z=X+Y
1, MUL Z,X,Y

FIGURE 11.6 Register-to-register architecture example,
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as Intel’s MCS®-96). This architecture essentially has 232 “accumulators™ (more are available
through a windowing mechanism) of which any can be operated on directly by the RALU,
The true advantage of this type of architecture is that it reduces accumulator bottleneck and
speeds throughput during program execution.

Accumulator-based architectures require the user to first store the data to be manipulated
into a temporary storage location, referred to as an “accumulator,” prior to performing any
type of data operation. Alfter the operation is completed, the user program must then store
the result to the desired destination location. Figure 11.7 depicts an example of an accumula-
tor-based architecture.

-

2
1
e
Accumulator“A" | [ Accumulator “B" |
"

ALU

—

Z=X+Y

1. LD A,Y
2. LD B,X
3. MUL A,B
4. ST A,Z

FIGURE 11,7 Accumulator-based architecture,

RAM memory

Program Counter. 'The Program Counter (PC) controls the sequencing of instructions to be
executed, The PC is a 16-bit register located within the CPU which holds the address of the
next instruction to be executed. After an instruction is fetched, the PC is automatically incre-
mented to point to the next instruction.

Stack and Stack Pointer, The stack is an
area of memory (typically user-assigned) that

is used to store data temporarily in a FILO

SP starting axidcess [P 1: (first-in, last-out) fashion. The stack is pri-
(SP+10):|  BOFFh marily used for storing program information

(SP+8): ASASh (such as the p)rogrham counter or interrupt

. mask registers) when an interrupt service

g routine i‘sOI invoked. It is also sometimes used

(SP+d):|  5555h to pass variables between subroutines. The

(SP+2):|  0000h stack is typically accessed through PUSH and

SP ending address (SP): 8000h POP instructions. Execution of the PUSH
instruction “pushes” the contents of the spec-

FIGURE 11.8 Stack pointer example. ified operand onto the stack whereas the
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POP instruction “pops” the contents of the specified operand off of the stack, The stack pointer
(SP) is a register which points to the next available word location on the stack. Consider the
example shown in Fig. 11.8 which shows the contents of the stack after the following code
sequence is executed:

PUSH #80FFh pushes immediate data 80FFh onto stack
PUSH #0A5A5h  pushes immediate data ASASh onto stack

PUSH 82h pushes data @ 82h (assume it’s 6E20h) onto stack
PUSH #5555h pushes immediate data 5555h onto stack
PUSH 4Eh pushes data @ 4Eh (assume it’s 0000h) onto stack
PUSH #8000h pushes immediate data 8000h onto stack

Continuing with the preceding example, if a POP instruction were executed, the data at the
current SP address (SP) would be “popped” off the stack and stored to the address specified
by the instruction’s operand. Executing the POP instruction results in the SP being incre-
mented by 2.

Program Status Word and Flags. 'The program status word (PSW) is a collection of boolean
flags which retain information concerning the state of the user’s program. These flags are set
or cleared depending upon the result obtained after executing certain instructions as specified
by the microcontroller manufacturer. PSW flags are not directly accessible by the user’s pro-
gram; access is typically through instructions which test one or more of the flags to determine
proper program flow. Following is a summary of common PSW flags as supported by Intel’s
MCS-96® architecture:

Z: The Zero flag is set when an operation generates a result equal to zero. The Z flag is
never set by the add-with-carry (ADDC/ADDCB) or subtract-with-carry (SUBC/SUBCB)
mstructions, but is cleared if the result is nonzero, These two instructions are normally used
in conjunction with ADD/ADDB and SUB/SUBB instructions to perform multiple-preci-
sion arithmetic. The operation of the Z flag for these instructions leaves it indicating the
proper result for the entire multiple-precision calculation.

N: The Negative flag is set when an operation generates a negative result. Note that the
N flag will be in the algebraically correct state even if overflow occurs. For shift operations,
the N flag is set to the same value as the most significant bit of the result.

V: The oVerflow flag is set when an operation generates a result that is outside the range
for the destination data type. For shift-left instructions, the V flag is set if the most signifi-
cant bit of the operand changes at any time during the shift. For an unsigned word divide,
the V flag is set if the quotient is greater than 65,535, For a signed word divide, the V flag
is set if the quotient is less than —32,768 or greater than 32,767.

VT: The oVerflow Trap flag is set when the V flag is set, but it is only cleared by instruc-
tions which are specially designated to clear the VT flag (such as CLRVT,JVT,and INVT).
The VT flag allows for testing possible overflow conditions at the end of a sequence of
related arithmetic operations. This is normally more efficient than testing the V flag after
each instruction,

C: The Carry flag is set to indicate either (1) the state of the arithmetic carry from the
most significant bit of the ALU for an arithmetic operation or (2) the state of the last bit
shifted out of an operand for a shift. Arithmetic borrow after a subtract operation is the
complement of the C flag (i.e., if the operation generated a borrow, then C=0).

ST: The STicky bit flag is set to indicate that, during a right shift, a 1 has been shifted first
into the C flag and then shifted out. The ST flag can be used along with the C flag to con-
trol rounding after a right shift. Imprecise rounding can be a major source of error in a

numerical calculation; use of both the C and ST flags can increase accuracy as described in
the following paragraphs.
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Consider multiplying two 8-bit quantities and then scaling the result down to 12 bits:

MULUB AX,CLDL (CL*DL=AX) |
SHR AX, #4 (AX is shifted right by 4 bits)

[f the Cflag is set after the shift, it indicates that the bits shifted off the end of the operand were
greater than or equal to one-half the least significant bit of the 12-bit result, If the C flag is :
cleared after the shift, it indicates that the bits shifted off the end of the operand were less than H
half the LSB of the 12-bit result. Without the ST flag, the rounding decision must be made on i il
the basis of the C flag alone. (Normally the result would be rounded up if the C flag is set.) The
ST flag allows a finer resolution in the rounding decision as shown here:

C ST Bits shifted off i
0 0 Value =0 {
0 1 0 <Value < LSB

1 0 Value =% LSB

| 1 Value > % LSB

Jump instructions are the most common instructions to utilize PSW flags for determining
the operation to perform. Instructions that test PSW flags are very useful when program flow
needs to be altered dependent upon the outcome of an arithmetic operation. The most com-
mon example of this would be for program loops that are to be executed a certain number of
times. Following are examples of several MCS-96 instructions whose operation is dependent
upon the state of one or more program status word flags:

B e e e e el ol e

=,

~ ENGR & MATH SCI LIBRARY tiiia -

IC (Jump if C flag is set.) If the C (carry) bit is set, the program will jump to the
address location specified by the operand. If the C flag is cleared, control will pass
to the next sequential instruction.

JGT  (Jump if signed greater than.) If both the N (negative) and the Z (zero) flags are
clear, the program will jump to the address location specified by the operand. If
either of the flags is set, control will pass to the next sequential instruction.

JLE  (Jump if signed less than or equal.) If either the N or Z flags is set, the program
will jump to the address location specified by the operand. If both the N and Z
flags are cleared, control will pass to the next sequential instruction,

11.1.4 Bus Controller

The bus controller serves as the interface between the CPU and the internal program memory
and the external memory spaces. The bus controller maintains a queue (commonly called the
prefetch queue) of prefetched instruction bytes and responds to CPU requests for data memory
references. The prefetch queue decreases execution time by staging instructions to be executed.
The capacities of prefetch queues vary but for the MCS-96 architecture, it is 4 bytes deep.
When using a logic analyzer to debug code it is important to consider the effects of the
prefetch queue. It is not possible to accurately determine when an instruction will execute by
simply watching when it is fetched from external memory. This is because the prefetch queue
is filled in advance of instruction execution. It is also important to consider the effects when a
jump or branch occurs during program execution. When the program sequence changes
because of a jump, interrupt, call, or return, the PC is loaded with the new address, the queue | R
is flushed and processing continues. Consider the situation in which the external address/data IR
bus is being monitored when a program branch occurs. Because of the prefetch queue, it will bie ! )
appear as if instructions past the branch point were executed, when in fact they were only |1l
loaded into the prefetch queue. ), |
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11.1.5 Frequency of Operation

11.1.6

Micracontrollers are being offered in an ever-increasing range of operating frequencies. Most
high-end automotive applications currently use microcontrollers operating in the 12- to 20-
MHz range, with 24 MHz becoming not so uncommon. Microcontrollers with frequencies as
high as 30 and 32 MHz are available as prototypes and will soon be available for production.
Operating frequency becomes especially important when a microcontroller must perform
high-speed event control such as required in ABS braking and engine control. Applications
such as these typically have to detect, calculate, and respond to external events within a given
amount of time. In ABS applications, this time is commonly referred to as loop time and
defines the amount of time that the microcontroller has to execute the main loop of the soft-
ware algorithm to achieve optimal performance.

Operating frequency can be directly related to the speed at which a microcontroller will
execute the user’s code. For instance, let’s look at how long it takes for a particular microcon-
troller to execute the following generic subroutine. For this example, consider the execution
times rather than the operations each instruction is performing,

{6} PUSHF

{3) NOTB  PTS_COUNT_EPAL

{5) ADDB  NUM_OF_PULSES_1, PTS_COUNT_EPAL, #00h
{5) SUB  INV_SPEED_1, FTIME_1, ITIME_I

{27} DIV INY_SPEED_1, NUM_OF_PULSES_1

{5} LD Templ+2, #Speed_high_constant

{51 LD Templ, #Speed_low_canstant

(271 DIV Templ, INV_SPEED_1

{4} ST Templ, EPA1_FREQ

{11} RET

[n this example, the numbers in brackets {} denote how many state times it will take the micro-
controller to execute the given line of code. A state time is the basic time measurement for all
microcontroller operations. For this MCS-96 family microcontroller, a state time is based on the
crystal frequency divided by two, A state time for other microcontrollers may be based upon the
crystal frequency divided by three. For this particular microcontroller, a state time can be calcu-
lated by the following formula (other microcontroller families use similar formulas):

1 state time = 1[(frequency of operation)/2]

Applying this formula, 1 state time = 125 ns when operating at 16 MHz, and 167 ns when oper-
ating at 12 MHz. The example code sequence takes the microcontroller 98 state times to exe-
cute. This equates to 1637 is to execute at an operating frequency of 12 MHz. At 16 MHz, it
takes only 12.25 ys for the microcontroller to execute the subroutine. An operating frequency
of 16 MHz results in the microcontroller executing approximately 34 percent more instruc-
tions in a given time than at a frequency of 12 MHz.

Another consideration when choosing an operating frequency is the clocking resolution of
on-chip timer/counters. The maximum clocking rate of on-chip timer/countets is limited by
the frequency the microcontroller is being clocked at. As an example, if an on-chip
timer/counter is set up to increment/decrement at a rate determined by CLOCK/4, this would
result in 333 ns resolution at 12 MHz, However, if the clock speed were increased to 16 MHz,
a higher and more desirable resolution of 250 ns is achieved.

Instruction Set

An often overlooked feature that gives a microcontroller the capability to perform desired
operations and manipulate data is its instruction set. A microcontroller’s instruction set con-
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sists of a set of unique commands which the programmer uses to instruct the microcontroller
on what operation to perform.

An instruction is a binary command which is recognized by the CPU as a request to per-
form a certain operation. Examples of typically supported operations are loads, moves, and
stores which transfer data from one memory location to another. There are also jumps and
branches which are used to alter program flow. Arithmetic instructions include various multi-
ples, divides, subtracts, additions, increments, and decrements. Instructions such as ANDs,
ORs, XORs, shifts, and so forth, allow the user to perform logical operations upon data. In
addition to these basic instructions, microcontrollers often support specialized instructions
unique to their architecture or intended application.

Instructions can be divided into two parts, the opcode and operand. The opcode (some-
times referred to as the machine instruction) specifies the operation to take place and the
operand specifies the data to be operated upon. Instructions typically consist of either 0, 1,2,
or 3 operands to support various operations. As an example, consider the following MCS-96
architecture instructions:

PUSHF (0 operands) is an instruction that pushes the program status word (PSW) onto
the stack. Since this instruction operates on a predefined location, no operand is necessary.

Format: ~ PUSHF
PUSH (1 operand) is an instruction that pushes the specified word operand onto the stack.
Format: ~ PUSH (SRC)

ADD (2 operands) adds two words together and places the result in the destination (left-
most) operand location.

Format:  ADD (DST),(SRC)

ADD (3 operands) adds two words together as the 2-operand ADD instruction, but in this
case, a third operand is specified as the destination.

Format:  ADD (DEST),(SRC1),(SRC2)

SN e

Instructions support one or more of six basic addressing types to access operands within the
address space of the microcontroller, If programmers wish to take full advantage of a micro-
controller architecture, it is important that they fully understand the details of the supported
addressing types. The six basic types of addressing modes are termed register-direct, indirect,
indirect with autoincrement, immediate, short-indexed, and long-indexed. The following
descriptions describe these modes as they are handled by hardware in register-to-register
architectures.

The register-direct addressing mode is used to directly access registers within the lower 256
bytes of the on-chip register file. The register is selected by an 8-bit field within the instruction
and the register address must conform to the operand type’s alignment rules. Depending
upon the instruction, typically up to three registers can take part in the calculation.

Examples:

ADD AX BX,CX AX=BX+CX
MUL AX BX AX = AX*BX
INCB CL CL=CL+1

The indirect addressing mode accesses a word in the lower register file containing the 16-
bit operand address. The indirect address can refer to an operand anywhere within the
address space of the microcontroller. The register containing the indirect address is selected it
by an 8-bit field within the instruction. An instruction may contain only one indirect refer- jfq
ence; the remaining operands (if any) must be register-direct references. ! i o
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Examples:

LD  BX|[AX] BX = mem_word(AX)

In this example, assume that before execution:
contents of AX = 2FC2h
contents of 2FC2h = 3F26h

Then after execution,
contents of BX = 3F26h

ADDBALBL,([CX]  AL=BL+mem_byte(CX)

The indirect with autoincrement addressing mode is the same as the indirect mode except
that the variable that contains the indirect address is autoincremented after it is used to
address the operand. If the instruction operates on bytes or short integers, the indirect address
variable is incremented by one; if it operates on words or integers, the indirect address will be

incremented by two.
Examples:
LD BX[AX)+ BX = mem_word(AX)
AX=AX+2
ADDB ALBL[CX]+ AL =BL+mem_byte(CX)
CX=CX+1

For the immediate addressing mode, an operand itself is in a field in the instruction, An
instruction may contain only one immediate reference; the remaining operand(s) must be reg-
ister-direct references,

Example:
ADD AX#340  AX=AX+340 (decimal)

For the short-indexed addressing mode, an 8-bit field in the instruction selects a word vari-
able (which is contained in square brackets) in the lower register file that contains an address.
A second 8-bit field in the instruction stream is sign-extended and summed with the word
variable to form an operand address.

Since the 8-bit field is sign-extended, the effective address can be up to 128 bytes before
the address in the word variable and up to 127 bytes after it. An instruction may contain only
one short-indexed reference; the remaining operand(s) must be register-direct references.

Example:

LD  AX4[BX] AX=mem_word(BX +4)

In this example, assume that hefore execution:
contents of BX = A152h

The operand address is then A152h + 04h = A156h

The long-indexed addressing mode is like the short-indexed mode except that a 16-bit field
is taken from the instruction and added to the word variable to form the operand. No sign
extension is necessary. An instruction may contain only one long-indexed reference and the
remaining operand(s) must be register-direct references.

Examples:
ST AX,TABLE[BX] mem_word(TABLE + BX) =AX
AND AX BX,TABLE[CX] AX =BX and mem_word(TABLE + CX)
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11.1.7 Programming Languages

The two most common types of programming languages in use today for automotive micro-
controllers are assembly languages and high-level languages (HLLs), Program development
begins with the user writing code in either an assembly language or an HLL. This code is writ-
ten as a text file and is referred to as a source file. The source file is then assembled or com-
piled using the appropriate assembler/compiler program. The assembler translates the source
code into object code and creates what is referred to as an object file. The object file contains
machine language instructions and data that can be loaded into an evaluation tool for debug-
ging and validation. The object can also be converted into a hex file for EPROM program-
ming or ROM mask generation as discussed later in this chapter. The program development
process is illustrated in Fig. 11.9.

Create and

Maintain

Libranies with

LiBos

©° Link Modules
0 Together
Wiite A mmw
Source File Address with
Text Editor RL96 6
Object
Q. e P O
I 0

PROM-loadable Code
FIGURE 11.9 The program development process.

Assembly Language Programming. An assembly language is a low-level programming lan-
guage that is specific to a given microcontroller family. Assemblers translate language opera-
tion codes (mnemonics) directly into machine instructions that instruct the microcontroller
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1116 CONTROL SYSTEMS

on what operation to perform. Because the programmer is essentially using the microcon-
troller's machine code to write assembly language programs, more precise control of the
device can be achieved through the direct manipulation of individual bits within registers.
Because of their efficiency, assembly language programs require less code space than high-
level languages. Assembly language programs consist of three parts: machine instructions,
assembler directives, and assembler controls.

A machine instruction is a machine code that can be executed by the microcontroller’s
CPU. The collection of machine instructions that a particular microcontroller can execute is
referred to as its instruction set, An example of a machine instruction is the opcode for the
MULB instruction (Fig, 11.10) from Intel's MCS-96 assembly language. MULB is the
mnemonic that represents the machine instruction which performs the specified multiplica-
tion operation. When executed by the microcontroller, the MULB opcode results in the mul-
tiplication of the two byte operands with the result being placed in a word destination

location,
MULB (Three Operands)
Format MULB  wreg.breg.daop
Operation The second and third byte operands are multiplied using

signed arithmetic and the 16-bit result is stored inta the
desunation (leftmost) operand. The sticky bit flag is
undefined after the instruction is executed.

(DEST) « (SRC1) * (SRC2)

Opcode Pattern [11111119 | 9161114e i b10p ] mg—[ ...-eq]

Flags Affected  sr

Examples HULB  DELTA, TIMERL, #2
MULB ALPHA, BETA, GAMMA
MULB  ALPMA. DELTA, 10[GAMMA]

FIGURE 1110 Machine instruction example: MULB.

Assembler directives allow the user to specify auxiliary information (such as storage reser-
vation, location counter control, definition of nonexccutable code, object code relocation, and
flow of assembler processing) that determines the manner in which the assembler generates
object code from the user’s source file input.

Assembler controls set the mode of operation for the assembler and direct the flow of the
assembly process. Assembler controls can be classified into primary controls and general con-
trols, Primary controls are set at the beginning of the assembly process and cannot be changed
during the assembly. Primary controls allow the user to specify items such as print options,
page lengths and widths, error messages, and cross-referencing, General controls can be spec-
ified in the invocation line or on control lines anywhere in the source file and can appear any
number of times in the program. General controls either cause an immediate action or an
immediate change of conditions in which the condition specified remains in effect until
another general control causes it to change.

High-level Language Programming. Unlike low-level languages (such as assembly lan-
guages), a high-level language is a general purpose language that can support numerous micro-
controller architectures. The most common high-level language used for automotive
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applications is C. C programs are written with statements rather than specific instructions from
a microcontroller's instruction set. High-level languages utilize a software program known as a
compiler to translate the user’s source code into the specific microcontroller’s machine lan-
guage. Each micracontroller family has its own unique compiler to support selected high-level
languages. Although high-level languages tend to be less efficient than assembly languages, their
advantage lies in ease of writing code and better debugging capability. The use of statements as
opposed to specific instructions better suits high-level languages toward control of procedures
(to implement complex software algorithms) as opposed to the microcontroller itself.

11.1.8 Interrupt Structure

The interrupt structure is one of the more important features of an automotive microcon-
troller. Applications such as automotive ABS and engine control can be referred to as event-
driven control systems. Event-driven control systems require that normal code execution be
halted to allow a higher-priority task or event to take place. These higher-priority tasks are
known as interrupts and can initiate a change in the program flow to execute a specialized
routine. When an interrupt occurs, instead of executing the next instruction, the CPU
branches to an interrupt service routine (ISR). The branch can occur in response to a request
from an on-chip peripheral, an external signal, or an instruction. In the simplest case, the
microcontroller receives the request, performs the desired operation and returns to the task
that was interrupted.

ISRs are typically serviced via software but it is becoming common for microcontroller
manufacturers to implement special on-chip hardware ISR functions for commonly per-
formed operations, These ISRs are typically microcoded or hardwired into the microcon-
troller as described later in this section.

Software, or Normal, Servicing of Interrupts. The software servicing of interrupts is fairly
straightforward as shown in Fig. 11.11. When an interrupt source is enabled by the user and a

NORMAL INTERRUPT RESPONSE

LD VAR, TEMP3

WUL SPEED,DIGTANCE / ISRt PUSEY b
; I
— interrupt occurs

ST RESULT, TEMPZ \um |

LD VAR, TEMP3 i ]
MUL  SPEED,DISTANCE One of 5 PTS modes are i
exacuted In microcode, el Lp
— Intermupt occurs the PC, SP and stack IS
ST RESULY, TENP2 e unaffected. "

FIGURE 11.11  Comparison of normal interrupts and hardwired interrupts,
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valid interrupt event occurs, the CPU will fetch the starting address of the ISR from the inter-
rupt vector table. The interrupt vector table is a dedicated section of memory that contains the
user-programmed start address of the various [SRs. After fetching the ISR address, the CPU
automatically pushes the current program counter (PC) onto the stack and loads the PC with
the ISR beginning address. This results in the program flow vectoring to the ISR address. The
user-programmed ISR is then executed, The last instruction within the ISR is a return instruc-
tion that pops the old PC off the stack. This results in program flow continuing from where it
was interrupted.

Interrupt mask registers allow the user to prevent or mask undesirable interrupts from
occurring during various sections of the program. This is a very desirable feature and allows
for custom tailoring of the interrupt structure to meet the needs of a particular application.
Enabling or disabling of all interrupts (known as globally enabling/disabling) is typically sup-
ported with a software instruction such as DI (globally disable all interrupts) or EI (globally
enable all interrupts).

Hardware, or Microcoded, Interrupt Structures. Hardware interrupt structures differ from
software interrupts in that the user doesn’t have to provide the 1SR to be executed when the
interrupt occurs. With a hardware interrupt structure, the ISR is predefined by being hard-
wired or microcoded into the microcontroller. This is advantageous because it requires less
code space and requires less CPU overhead. Stack operations are not necessary since inter-
rupt vectors do not have to be fetched. Most microcontroller manufacturers have their own
proprietary solution for hardware ISR’s, which are all somewhat similar to one another. For
purposes of this section, we will briefly describe the peripheral transaction server as imple-
mented on members of Intel's MCS-96 family of microcontrollers.

The PTS provides a microcoded hardware interrupt handler which can be used in place of
anormal ISR. The PTS requires much less overhead than a normal ISR since it operates with-
out modification of the stack, Any interrupt source can be selected by the user to trigger a
PTS interrupt in place of a normal ISR. The PTS is similar to a direct memory access (DMA)
controller in that when a PTS interrupt, or cycle, occurs, data is automatically moved from one
location of memory to another as specified by the user, Figure 11.11 compares a regular ISR
to a PTS interrupt cycle.

The PTS allows for five modes of operation; single-byte transfer, multiple-byte transfer,
PWM, PWM toggle, and A/D scan mode. Each mode is configurable through an 8-byte, user-
defined PTS control block (PTSCB) located in RAM. The user may enable virtually any nor-
mal interrupt source to be serviced by a PTS interrupt by simply writing to the appropriate bit
in an SFR known as the PTS_SELECT register. When a PTS interrupt is enabled and the event
occurs, a microcoded interrupt service routine executes in which the contents of the PTSCB
are read to determine the specific operation to be performed. More details on the PTSCB can
be found in the application example found in this section.

The major advantage of the PTS for automotive applications is its fast response time. The
PTS is ideally suited for transferring single or multiple bytes/words of data in response to an
interrupt. An example of this is the serial port example which will be described shortly,
Another example of the usefulness of the PTS (using A/D scan mode) would be if the user
wanted to automatically store A/D conversion results every time a conversion completed
within a user-defined scan of A/D channels. The PTS could also be configured to automati-
cally transfer a block of data between memory locations every time an interrupt occurs.

Application Example of PTS Single-Byte Transfer Mode. This example shows how the
PTS can be used to aufomatically transmit and receive 8-byte messages over the serial port.
Data to be transmitted and received data are stored in separate tables. The use of the PTS for
this purpose greatly reduces CPU overhead and code-space requirements. The layout of the
user-defined PTSCB for single-byte transfer mode is shown in Fig. 11.12. PTS_DEST within
the PTSCB contains the destination address for the data transfer and PTS_SOURCE con-
tains the source address for the transfer,
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unused

unused

(PTSCB located in PTS DEST (hi)

internal register RAM) PTS DEST (lo)

PTS SOURCE (hi)

PTS_SOURCE (lo)

PTS_CONTROL

PTS vector address: PTS COUNT

FIGURE 1112 PTS control block for single-byte transfer mode.

Two PTSCBs are set up for this example, one in response to receive (RX) interrupts and
one in response to transmit (TX) interrupts, The RX PTSCB'’s PTS_DEST is initialized with
the start address of the receive data table and the TX PTSCB’s PTS_DEST is initialized with
the address of the serial port's transmit buffer.

PTS_CONTROL is a byte that specifies the PTS operation to be performed. Its layout is
shown in Fig. 11.13.

PTS_COUNT is a down counter that is used to keep track of how many PTS interrupts or
cycles have occurred since the last initialization. PTS_COUNT is initialized by the user to any
value below 256 and is decremented everytime the corresponding PTS cycle occurs. It is often
used to keep track of how many pieces of data have been transferred. In this example,
PTS_COUNT is used to determine when a complete 8-byte message has been transmitted or
received. After PTS_COUNT expires, an “end-of-PTS” or “normal™ ISR occurs, in which the
user utilizes the data as required by the application. When an interrupt source is enabled by
the user to be a PTS interrupt, the following sequence of events occurs every time the corre-
sponding interrupt occurs:

1, Instead of a normal interrupt, the user has selected it to do a PTS cycle.

2, The microcoded PTS routine fetches the PTS_CONTROL byte from the PTSCB whose
start address is specified by the user in the PTS interrupt vector table. The microcoded PTS
routine then:

reads data to be transferred from address specified by PTS_SOURCE
writes the data to address specified by PTS_DEST

optionally increments/updates PTS_SOURCE and PTS_DEST addresses
decrements PTS_COUNT

3, When PTS_COUNT reaches “0”, an end of PTS interrupt occurs and the normal ISR is
executed in which the user utilizes the received data as necessary (for RX interrupts) or
reloads the transmit table with new data (for TX interrupts).

Interrupt Latency. Interrupt latency is defined as the time from when the interrupt event
occurs (not when it is acknowledged) to when the microcontroller begins executing the first
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PTS _CONTROL BYTE (for single and multiple-byte transfers)

7 ) 5 + 3 2 1 0
M2 M1 MO B/W SU DU SI DI
M2, M1, Mo Mode Function
000 PTS Block Transfer
100 PTS Single Transfer
B/W: Byte/Word: "0"=Word; "1" =Byte
Su! Source Update: "1" = update source address
DU Destination Update: "1" = update destination address
SI: Increment Source: “1" = Increment Source address
DI; Increment Destination:  "1" = Increment Destination address

FIGURE 11.13  PTS control byte for single- and multiple-byte transfer modes.

instruction of the interrupt service routine. Interrupt latency must be carefully considered in
timing-critical code as is found in many aulomotive applications.

There is a delay between an interrupt’s triggering and its acknowledgment. An interrupt is
not acknowledged until the currently executing instruction is finished. Further, if the interrupt
signal does not occur at least some specified (assume four for this discussion) state times
before the end of the current instruction, the interrupt may not be acknowledged until after
the next instruction has been executed. This is because an instruction is fetched and prepared
for execution a few state times before it is actually executed. Thus, the maximum delay
between interrupt generation and its acknowledgment is approximately four state times plus
the execution time of the next instruction.

It should also be noted that most microcontrollers have protected instructions (such as
RETURN, PUSH, POP) which inhibit interrupt acknowledgment until after the following
instruction is executed. These instructions can increase interrupt-to-acknowledgment
delay.

When an interrupt is acknowledged, the interrupt pending bit is cleared and a call is
forced to the location indicated by the corresponding interrupt vector. This call occurs after
the completion of the current instruction, except as noted previously. For the MCS-96 archi-
tecture, the procedure of fetching the interrupt vector and forcing the call requires 16 state
times. The stack being located in external memory will add an additional two state fimes to
this number.

Latency is the time from when an interrupt is generated (not acknowledged) until the
microconfroller begins executing interrupt code, The maximum latency occurs when an inter-
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rupt occurs too late for acknowledgment following the current instruction. The worst case is
calculated assuming that the current instruction is not a protected one. The worst-case latency
is the sum of three terms:

1. The time for the current instruction to finish (assume four state times).

2. The state times required for the next instruction, This time is basically the time it takes to exe-
cute the longest instruction used in the user's code (assume it’s a 16-state DIV instruction).

3. The response time (assume 16 states, 18 for an externally located stack).

Thus, for this scenario, the maximum delay would be 4 + 16 + 16 = 36 state times, This equates
to approximately 4.5 ps for a MCS-96 microcontroller operating at 16 MHz. This latency can
increase or decrease depending upon the longest execution-time instruction used. Figure
11.14 illustrates an example of this worst-case scenario.

Interrupt latency can be reduced by carefully selecting instructions in areas of code where
interrupts are expected. Using a protected instruction followed immediately by a long instruc-
tion increases the maximum latency because an interrupt cannot oceur after the protected
instruction.

11.1.9 Fabrication Processes

PROGRAM
EXECUTION

INTERRUPT
SOURCE

PENDING
INTERRUPT

INTERRUPT
LATENCY

The basic fabrication processes that are widely used for automotive microcontrollers today
are NMOS (N-channel metal-oxide semiconductor) and CMOS (complementary MOS). The
scope of this chapter does not allow for an in-depth discussion of these processes, although a
brief description of the structures used to build on-chip circuitry will be discussed. These
terms refer to the components used in the construction of MOSFET (MOS field effect tran-
sistor) inverters which are the basis of logic on digital devices. NMOS inverters are con-
structed of N-channel transistors only, whereas CMOS inverters are constructed of both
N-channel and P-channel transistors. This section will describe the basic operation of each
inverter along with its pros and cons.

Simply stated, a P-channel transistor conducts when a logic “0” is applied to its gate. Con-
versely, N-channel transistors conduct when a logic “1” is applied to their gate. Figures 11.15
and 11.16 show a simplified cross-sectional view and the electrical symbol for N- and P-chan-
nel devices, respectively.

4 5 1(——<39m———)<—10—)-(———2——)(—13ﬂ—

endi possible ond callis if stack .
it | D 1) et [ 0% T o v |
A A
interrupt intemupt - eM—
avent occurs acknowledgment
| clearsd
Interrupt latency 5!
(81 stats timas worst case) s

FIGURE 11.14 Worst case interrupt latency example.
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FIGURE 11.15 N-channel transistor.
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FIGURE 11.16 P-channel transistor.

NMOS Inverters. NMOS inverters are constructed of two NMOS transistors in which one is
utilized as a resistance (Q2) and the other is utilized as a switch (Q1). A depletion-mode
NMOS transistor is commonly utilized for the resistance device, A basic NMOS inverter is
shown in Fig. 11.17. Note that Q2 is always on and acts as a resistor.

When a logic “0" is applied to the inverter’s input, Q1 is turned off, which results in Q2
driving a logic 1 at the output, When a logic “1” is applied to the inverter’s input, Q1 is turned
on and overcomes Q2. This results in a logic “0” at the output.

NMOS microcontrollers are still produced in large quantities today. An advantage of
NMOS processes is the simplistic circuit configuration which results in higher chip densities,
NMOS devices are also less sensitive to electrostatic discharge (ESD) than CMOS devices.
An inherent disadvantage of NMOS design is the slower switching speeds and higher power

dissipation due to the dc current path from power to ground through Q1 and Q2 when the
inverter is driving a logic “0”".
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FIGURE 11.17 NMOS inverter. FIGURE 1118 CMOS inverter,

CMOS Inverters. The CMOS is the most widely used process for automotive microcon-
trollers today. CMOS inverters are constructed of both P-channel and N-channel transistors
that have their inputs tied together as shown in Fig. 11.18. When a logic “0” is applied to the
inverter’s input, Q1 is turned off and Q2 is turned on, which results in Q2 driving a logic “1”
at the output. When a logic “1” is applied to the inverter’s input, Q2 is turned off and Q1 is
turned on, which results in Q1 driving a logic “0” at the output. Note that only one of these
two devices will conduct at a time when the input is “1” or “0”". While the input switches, both
Q1 and Q2 may conduct for a short time resulting in a small amount of power dissipation.

The main advantages of CMOS logic are greatly improved switching times and lower
power consumption, which is due to the complementary design of the inverter, A disadvan-
tage of CMOS logic is that it is more expensive due to its increased complexity and more
demanding fabrication process. CMOS logic is more susceptible to ESD damage, although
microcontroller manufacturers have countered this by incorporating very effective ESD pro-
tection devices onto the silicon.

11.1.10 Temperature Range

Another important factor that must be considered when choosing a microcontroller is the
temperature range in which it will be required to operate. The two most common temperature | R
specifications specified by microcontroller manufacturers are ambient temperature under bias | R
(TA) and storage temperature. These specifications are based upon package thermal charac- el
teristics as determined through device and package testing. Storage temperature refers to the i I ‘ !
temperature range that a microcontroller can be subjected to during periods of nonoperation. l 1
il
|

Storage temperature specifications are more extreme than ambient temperature under bias
temperatures and are usually all the same regardless of the specified ambient temperature
range. The common storage temperature range in industry is ~60 to +150 °C. While powered- \
down, a given microcontroller must not be subjected to temperatures that exceed its specified a
storage temperature range.
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Ambient temperature under bias (TA) refers to the temperature range that the microcon-
troller is guaranteed to operate at within a given application, While powered-up or operating,
a microcontroller must not be subjected to temperatures that exceed its specified ambient
temperature range. The most common ambient temperature ranges in industry are:

Commercial 0to+70°C
Extended 40 o +85°C
Automotive —40to+125°C

112 MEMORY

Microcontrollers execute customized programs that are written by the user. These programs
are stored in either on-chip or off-chip memory and are often referred to as the user’s code. On-
chip memory is actually integrated onto the same piece of silicon as the microcontroller and is
accessed over the internal data bus, Off-chip memory exists on a separately packaged piece of
silicon and is typically accessed by the microcontroller over an external address/data bus

A memory map shows how memory addresses are arranged in a particular microcon-
troller. Figure 11.19 shows a typical microcontroller memory map.

Address I Memory Function
{ ) Extsmal Memory
' 0A00Ch
i Intsmal ROM/EPROM or Exteral Memory
_____ 2yl e S R e
207Fh gl e
Internal ROM/EPROM or Extemal Memory
2000n | (Intermuptvectors, CCB's, Security Key, Resstved locations, sic)
by,
m unction {
L hevlony saeiiing;
1EFFh P
Extemal Memory
___ 0 50_ _0_“
T st a b et s lio ke e s

0400h {Also know aa Code

03FFh Upper Reglster Flle (Address
Register RAM | with indirect or Indexed
s 2% 0100“ ............. modas orthruugh mndm) Reglster
00FFh Lower Reglster File
Register RAM {Mdm:alm direct, File
Mo .gg.:g; ............ indirect or Indexed
0000h )]

FIGURE 1119 Microcontroller memory map.
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Memory is commonly referred to in terms of Kbytes of memory. One Kbyte is defined as
1024 bytes of data. Memory is most commonly arranged in bytes which consist of 8 bits of
data. For instance, a common automotive EPROM is referred to as a “256k x 8 EPROM”, This
EPROM contains 256-Kbytes 8-bit memory locations or 2,097,152 bits of information,

11.2.1 On-Chip Memory

On-chip microcontroller memory consists of some mix of five basic types: random access mem-
ory (RAM), read-only memory (ROM), erasable ROM (EPROM), electrically erasable ROM
(EPROM), and flash memory. RAM is typically utilized for run-time variable storage and
SFRs.The various types of ROM are generally used for code storage and fixed data tables

The advantages of on-chip memory are numerous, especially for automotive applications,
which are very size and cost conscious. Utilizing on-chip memory eliminates the need for
external memory and the “glue” logic necessary to implement an address/data bus system.
External memory systems are also notorious generators of switching noise and RFI due to
their high clock rates and fast switching times. Providing sufficient on-chip memory helps to
greatly reduce these concerns,

RAM. RAM may be defined as memory that has both read and write capabilities so that the
stored information can be retrieved (read) and changed by applying new information to the
cell (write). RAM found on microcontrollers is that of the static type that uses transistor cells
connected as flip-flops. A typical six-transistor CMOS RAM cell is shown in Fig. 11.20. It con-
sists of two cross-coupled CMOS inverters to store the data and two transmission gates, which
provide the data path into or out of the cell, The most significant characteristic of static mem-
ory is that it loses its memory contents once power is removed, After power is removed, and
once it is reapplied, static microcontroller RAM locations will revert to their default state of
a logic “0”. Because of the number of transistors used to construct a single cell, RAM mem-
ory is typically larger per bit than EPROM or ROM memory,

Although code typically cannot be executed from register RAM, a special type of RAM
often referred to as code RAM is useful for downloading small segments of executable code.
The difference between code and register RAM is that code RAM can be accessed via the

Vee Vee
o all cells to all colls
ncolumn € & v ™ In column
Transmission Gate 3 \ E Transmission Gate
to RW =0, o AW = "0,
Vas Vss

FIGURE 11.20 CMOS RAM memory cell,
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1126  CONTROL SYSTEMS

memory controller, thus allowing code to be executed from it. Code RAM is especially useful
for end-of-line testing during ECU manufacturing by allowing test code to be downloaded via
the serial port peripheral.

ROM. Recad-only memory (ROM), as the name implies, is memory that can be read but not
written to. ROM is used for storage of user code or data that does not change since it is a non-
volatile memory that retains its contents after power is removed. Code or data is either
entered during the manufacturing process (masked ROM, or MROM) or by later program-
ming (programmable ROM, or PROM); either way, once entered it is unalterable.

A ROM cell by itself (Fig. 11.21) is nothing more than a transistor. ROM cells must be used
in a matrix of word and bit lines (as shown in Fig, 11.22) in order to store information. The
word lines are connected to the address decoder and the bit lines are connected to output
buffers. The user’s code is permanently stored by including or omitting individual cells at word
and bit line junctions within the ROM array. For MROMs, this is done during wafer fabrica-
tion. For PROMs, this is done by blowing a fuse in the source/drain connection of each cell. To
read an address within the array, the address decoder applies the address to the memory
matrix. For any given intersection of a word and bit line, the absence of a cell transistor allows
no current to flow and causes the transistor to be off. This indicates an unprogrammed ROM
cell. The presence of a complete cell conducts and is sensed as a logical “0”, indicating a pro-
grammed cell. The stored data on the bit lines is then driven to the output buffers.

MROMs are typically used for applications whose code is stable and in volume produc-
tion, After the development process is complete and the user’s program has been verified, the
user submits the ROM code to the microcontroller manufacturer. The microcontroller manu-
facturer then produces a mask that is used during manufacturing to permanently embed the
program within the microcontroller. This mask layer either enables or disables individual
ROM cells at the junctions of the word and bit lines. An advantage of MROM microcon-
trollers is that they come with user code embedded, which saves time and money since post-
production programming is not necessary. A disadvantage of MROM devices is that, since the
mask with the user code has to be supplied early in the manufacturing process, throughput
time (TPT) is longer.

Some versions of ROM (such as Intel’s Quick-ROM) are actually not ROMs, but rather
EPROMs, which are programmed at the factory. These devices are packaged in plastic
devices, which prevents them from being erased since ultraviolet light cannot be applied to
the actual EPROM array, Throughput time for QROMs is faster since the user code isn't
required until after the actual manufacturing of the microcontroller is complete. As with

Diagram Electrical Sympol
DRAIN
(GATE)
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GATE OXIDE
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FIGURE 11.21 ROM memory cell,
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FIGURE 11.22 Simplified ROM memory matrix.

MROM, the user supplies the ROM code to the microcontroller manufacturer. Instead of

creating a mask with the ROM code, the manufacturer programs it into the device just prior
to final test.

EPROM. EPROM devices are typically used during application development since this is
when user code is changed often. EPROMs are delivered to the user unprogrammed. This
allows the user to program the code into memory just prior to installation into an ECU mod-
ule. Many EPROM microcontrollers actually provide a mechanism for in-module program-
ming, This feature allows the user to program the device via the serial port while it is installed
in the module. EPROM devices come assembled in packages either with or without a trans-
parent window. Windowed devices are true EPROM devices that allow the user to erase the
memory contents by exposing the EPROM array to ultraviolet light. These devices may be
reprogrammed over and over again and thus are ideally suited for system development and
debug during which code is changed often, EPROM devices assembled in a package without a
window are commonly referred to as one-time programmable devices or OTPs, OTPs may only
be programmed once, since the absence of a transparent window prevents UV erasure. OTPs
are suited for limited production validation (PV) builds in which the code will not be erased.
A typical EPROM cell is shown in Fig. 11.23, It is basically an N-channel transistor that has
an added polyl floating gate to store charge. This floating gate is not connected and is sur-
rounded by insulating oxide that prevents electron flow. The mechanism used to program an
EPROM cell is known as hot electron injection. Hot electron injection occurs when very high
drain (9-V) and select gate (12-V) voltages are applied. This gives the negatively charged elec-
trons enough energy to surmount the oxide barrier and allows them to be stored on the gate.
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This has the same effect as a negative applied gate voltage and turns the transistor off. When
the cell is unprogrammed, it can be turned on like a normal transistor by applying 5 V to the
poly2 select gate. When it is programmed, the 5 V will not turn on the cell. The state of the cell
is determined by attempting 1o turn on the cell and detecting if it turns on. Erasure is per-
formed through the application of ultraviolet (UV) light, which gives just the right amount of
energy necessary for negatively charged electrons to surmount the oxide barrier and leave the
floating gate.

Disgram Electrical Symbol
(GATE)
[ poLYz ) DRAIN

GATE OXIDE
POLY 1

GATE OXIDE

NDFF.
(SOURCE) [DRAN) GATE ‘_‘ H €

P SUBSTRATE Poly 1 Float MJ

SOURCE
FIGURE 11.23 EPROM memory cell.

Flash. Flash memory is the newest nonvolatile memory technology and is very similar to
EPROM. The key difference is that flash memory can be electrically erased. Once programmed,
flash memory contents remain intact until an erase cycle is initiated via software, Like EEPROM,
flash memory requires a programming and erase voltage of approximately 12.0'V. Since a clean,
regulated 12-V reference is not readily available in automotive environments, this need is often
provided for through the incorporation of an on-chip charge pump. The charge pump produces
the voltage and current necessary for programming and erasure from the standard 5-V supply
voltage. The advantage of flash is in its capability fo be programmed and erased in-module with-
out having to be removed. In-module reprogrammability is desirable since in-vehicle validation
testing doesn’t always allow for easy access to the microcontroller. Flash also allows for last-
minute code changes, data table upgrades, and general code customization during ECU assem-
bly. Since a flash cell is nearly identical in size to that of an EPROM cell, the high reliability and
high device density capable with EPROM is retained. The main disadvantage of flash is the need
for an on-chip charge pump and special program and erase circuitry, which adds cost.

A flash memory cell is essentially the same as an EPROM cell, with the exception of the
floating gate. The difference is a thin oxide layer which allows the cell to be electrically erased,
The mechanism used to erase data is known as Fowler-Nordheim tunneling, which allows the
charge to be transferred from the floating gate when a large enough ficld is created. Hot elec-
tron injection is the mechanism used to program a cell, exactly as is done with EPROM cells.
When the floating gate is positively charged, the cell will read a“1”, when negatively charged,
the cell will read a “0”.

EEPROM. EEPROM (electrically erasable and programmable ROM, commonly referred to
as E'ROM) isa ROM that can be electrically erased and programmed. Once programmed, EEP-
ROM contentsremain intact until an erase cycle is initiated via software. Like flash, programming
and erase voltages of approximately 12 V are required. Since a clean, regulated 12-V reference is
not readily available in automotive environments, this requirement is satisfied using an on-chip
charge pump as is done for flash memory arrays. Like flash, the advantage of EEPROM is its
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capability to be programmed and erased in-module. This allows the user to erase and program the
device in the module without having to remave it. EEPROM's most significant disadvantage is
the need for an on-chip charge pump. Special program and erase circuitry also adds cost. '
An EEPROM cell is essentially the same as an EPROM cell with the exception of the
floating gate being isolated by a thin oxide layer. The main difference from flash is that
Fowler-Nordheim electron tunneling is used for both programming and erasure, This mecha- |
nism allows charge to be transferred to or from the floating gate (depending upon the polar- |
ity of the field) when a large enough field is created. When the floating gate is positively |
charged, the cell will read a “1”; when negatively charged, the cell will read a “0”, i
|

1122 Off-Chip Memory

|
Off-chip memory offers the most flexibility to the system designer, but at a price; it takes up :
additional PCB real estate as well as additional I/O pins. In cost- and size-conscience applica- |
tions, such as automotive ABS, system designers almost exclusively use on-chip memory. |

E

However, when memory requirements grow to sizes in excess of what is offered on-chip (such e
as is common in electronic engine control), the system designer must implement an off-chip i ,“E:;
memory system. Off-chip memory is flexible because the user can implement various memory | %
devices in the configuration of his choice. Most microcontrollers on the market today offer a CEl
wide variety of control pins and timing modes to allow the system designer flexibility when ol
interfacing to a wide range of external memory systems. | Eﬂ: :
Accessing External Memory. 1f circuit designers must use external memory in their appli- | E,
cations, the type of external address/data bus incorporated onto the microcontroller should be 5
considered. If external memory is not used, this will have, if any, impact upon the application. o
There are two basic types of interfaces used in external memory systems. Both of these are "?,Z_
parallel interfaces in which bits of data are moved in a parallel fashion and are referred to as Er

multiplexed and demultiplexed address/data buses,

Multiplexed Address/Data Buses. As the name implies, multiplexed address/data buses
allow the address as well as the data to be passed over the same microcontroller pins by mul-
tiplexing the two in time. Figure 11.24 illustrates a typical multiplexed 16-bit address/data bus
system as is implemented with Intel’s 8XC196Kx family of microcontrollers.

cs cs
ADB-15 T i HIGH ADDRESS HIGH ADDRESS

EPROM
e 1 DATA {LOW)

EPROM 1 OATA
(High)

ADO-7 -+ T;%G sl | OW ADDRESS |eessssssd | OW ADDRESS A i_

BXC196Kx it |
OF OE
l

RO

FIGURE 11.24 Multiplexed address/data bus system.

e
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During a multiplexed bus cycle (refer to Fig. 11.25), the address is placed on the bus dur-
ing the first half of the bus cycle and then latched by an external address data latch. The sig-
nal to latch the address comes from a signal generated by the microcontroller, called address
latch enable (ALE). The address must be present on the bus for a specified amount of time
prior to ALE being asserted. After the address is latched, the microcontroller asserts either a
read (RD#) or a write (WR#) signal to the external memory device,
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— TAVLL —H TALAZ —

Tretoz
— T —M 1 oy

BUS ADDRESS OUT DATAIN
— Tavov —+ »
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o Tum—bﬂmﬁ
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& st = VALID
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AD&-15
55k Mo ADDAESS OUT
AE [ e
AE _[] =
WR#¥ or RD#
WR# or RD¥ LT 1

' ADO-7 —{ADDRLOW| DATA —

ADO-15 —{ADDRESS | DATA +—

AD8-15 —{__ADDRESSHIGH —
18-bit bus cycle

FIGURE 11.25 Multiplexed bus cycle and timing diagram.

For a read cycle, the microcontroller will pull its RD# output pin low and float the bus to
allow the memory device to output the data located at the address latched on its address pins.
The data returned from external memory must be on the bus and stable for a specified setup
time before the rising edge or RD#, which is when the microcontroller latches the data.

For a write cycle, the microcontroller will pull its WR# pin low and then output data on the
bus to be written to the external memory. After a specified setup time, the microcontroller will
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release its WR# signal, which signals to the memory device to latch the data on the bus into
the address location present on its address pins.

Advantages of multiplexed address/data bus systems are that fewer microcontroller pins
are required since address and data share the same pins. For a true 16-bit system, this trans-
lates tto a multiplexed system requiring 16 fewer pins (for address and data) than would be
required by a demultiplexed system. A disadvantage is that an external latch is required to
hold the address during the second half of the bus cycle; this adds to the component count.

Demultiplexed Address/Data Buses. Microcontrollers with demultiplexed address/data
buses implement separate, dedicated address and data buses as shown in Fig. 11.26.

cs cs
Do-15 EPROM [— DATA
(High) !
T | (i
g G EPROM 1wl :
cs lwi i
(Low) -::.‘tﬁ: i
il
e
Ik
AD-18 ADDRESS ADDRESS ! ?;"
e
[
Microcontroller "}E?
OF OF ||}:n
FIGURE 11.26 Typical demultiplexed address/data bus system. , "

i

The operation of a demultiplexed address/data bus is basically the same as the multiplexed b |- it
type with the exception of not having an ALE signal to latch the address for the second half Ll {!,
of the bus cycle. The operation of the RD#, WR#, address, and data lines is essentially the same L it
as for that of a multiplexed system. | Sl -

During a demultiplexed bus cycle, the microcontroller places the address on the address
bus and holds it there for the entire bus cycle. For a read of external memory, the microcon-
troller asserts the RD# signal (or WR# for a write signal) just as would be done for a multi-
plexed bus cycle. The memory device will respond accordingly by either placing the data to be
read on the data bus or by latching the data to be written off of the data bus, Figure 11.27 illus-
trates a simplified demultiplexed bus cycle.

An advantage of multiplexed address/data bus systems is that external data latches are
not necessary, which saves on system component count. A disadvantage, as mentioned earlier,

is that more microcontroller pins must be allocated for the interface, which leaves fewer pins
for other 1/0 purposes.

11.3 LOW-SPEED INPUT/OUTPUT PORTS

Low-speed input/output (LSIO) ports allow the microcontroller to read input signals as well as
provide output signals to and from other electronic components such as sensors, power drivers, £l
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16-bit bus cycle 8-bit bus cycle

FIGURE 11.27 Demultiplexed bus cycle.

digital devices, actuators, and other microcontrollers The term “low-speed™ is used to describe
these ports because unlike high-speed 1/0 (HSIO) ports which are interrupt driven, LSIO port
data must be manually read and written by the user program. Interrupt-driven /O is typically
not possible on port pins configured for LSIO operation. It is common for modern high-
performance microcontrollers to utilize multifunctional port pins which can be configured for
a special function as well as LSIO. LSIO ports most commonly consist of eight port pins in par-
allel, which are supported by byte registers. For example, by writing to a single-byte special
function register, an entire port can be configured, read, or written, Manipulating individual
bits in the port register allows the user flexibility in accessing either single or multiple port pins

11.3.1 Push-Pull Port Pin Configuration

The term push-pull, or complementary, output is commonly used to define a port pin that has the
capability to output either a logic “1” or “0”, Figure 11.28 shows a basic push-pull port pin con-
figuration, Referring to Fig, 11.28, writing a *1” to the data output register enables the P-channel
MOSFET and pulls the pin to +5 V, thus driving a logic “1” at the port pin, When a “0” is written

Vee

logic value to >
im0 o

Vss
FIGURE 11,28  Push-pull port pin.
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to the data register, the N-channel MOSFET is enabled and thus provides a current path to I ;!'! i
ground which results in a logic 0 at the port pin. Note that during this time the P-channel pull-up 0L
MOSFET is disabled to prevent contention at the port pin. Also note that the port logic design Rk
does not allow both the P-channel and the N-channel devices to be driving at the same time. e

==

11.3.2  Open-Drain Port Pin Configuration !

Open-drain port pins (Fig. 11.29) are useful for handshaking signals over which multiple ! _
devices will have control. The fact that the P-channel transistor is either omitted or disabled |

dictates the need for an external pull-up resistor. An example of an application for open-drain :
port pins would be for a bus contention line between two microcontrollers communicating on
a common bus. During normal operation, the line is pulled high by the external pull-up resis-
tor to signal to either microcontroller that no contention exists. If one of the microcontrollers
should detect contention on the bus, it simply outputs a logic “0”, which signals the contention
to the other processor. To output the “0”, the port only has to overcome the external pull-up Figi
which the user should appropriately size to match the port drive specifications, {ai

No Connection

logle value to ’

MMH—DO |

port pin, 1 |
|

P
=

ENGR £ paTe:

Vas |
FIGURE 1129 Open-drain port pin. il

11.3.3 High-Impedance Input Port Pin Configuration |¢ ;'{:;
l

High impedance, or “Hi-z,” port pins (Fig. 11.30) are used strictly as nputs since no drivers exist | R
on these types of pins. Hi-z refers to the relatively high input impedance of the port pin, This | -
high input impedance prevents the port pin circuitry from actively loading the input signal. Note t N
that the pin is connected to the gates of a CMOS inverter, which drives internal circuitry, Usu- by
ally a certain amount of hysteresis is built into these pins and is specified in the data sheet, _ \

11.3.4  Quasi Bidirectional Port Pin Configuration M '

Quasi bidirectional (QBD) port pins are those that can be used as either input or output .
without the need for direction control logic. QBD port pins can output a strong low value or |
a weak high value. The weak high value can be externally overridden, providing an input func- |
tion. Figure 11.31 shows a QBD port pin diagram and its transfer characteristic. ‘
Writing a *1” to the port pin disables the strong low driver (Q2) and enables a very weak . i
high driver (Q3).To get the pin to transition high quickly, a strong high driver (Q1) s enabled - ‘ '
| ¥
|

for one state time and then disabled (leaving only Q3 active).
It is important to keep in mind that since the port pin can be externally overridden with a
logic “0”, reading the port pin could falsely indicate that it was written as a logic “0".
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The ability to overdrive the weak output driver is what gives the quasi bidirectional port
pin its input capability. To reduce the amount of current that flows when the pin is externally
pulled low, the weak output driver (Q4) is turned off when a valid logic “0" is detected. The
input transfer characteristic of a quasi bidirectional port pin is shown in Fig. 11.31.

Vee

—

read pin 7
state { L port pin

Vss
FIGURE 11.30  High-impedance input port pin.

11.3.5 Bidirectional Port Example

The following example describes the operation of a state-of-the-art bidirectional port struc-
ture. This particular structure is used upon newer members of Intel's MCS-96 automotive
microcontroller family. A single port consists of eight multifunction, parallel port pins (see
Fig. 11.32), which are controlled (on a by-pin basis) with four special function registers
referred to as Px_PIN,Px_REG,Px_ MODE, and Px_DIR. As is common with other high-per-
formance microcontrollers, the pins of this port are shared with alternate special functions
controlled by other on-chip peripherals. The Px_MODE register allows the programmer to
choose either LSIO or the associated special function for any given port pin. Writing a “1™ to
the appropriate bit selects the corresponding pin as special function whereas a *0” selects
LSIO. The function of the Px_PIN and Px_REG registers is fairly straightforward. In order to
read the value on the pin, the user simply reads the Px_PIN register. To write a value to the
Px_REG register, the user simply writes the desired output value to the Px_REG register. The
Px_DIR register allows the user to configure the port pin as either input or output,

In order to prevent an undefined pin state during reset, port pins revert to a default state
during reset. For the Intel Kx bidirectional port structure, this state is defined as a weak logic
“1". The transistor that drives this state is labeled as WKPU in Fig. 11.32 and is asserted in
reset until the user writes to the Px_MODE register to configure the port pin.

Ports such as this offer the user much flexibility in assigning their function within an appli-
cation. Following are three examples that depict how these ports may be configured by the
user by writing values to the appropriate bit within the port SFR. Also note that the eight pins
of a port may be configured individually on a pin-by-pin basis.

To configure a given port pin as a high-impedance input pin, the user must write the fol-
lowing values to the corresponding bit within the port SFR,

IPR2023-01234
Petitioner - Ex. 1017 - Page 252



AUTOMOTIVE MICROCONTROLLERS ~ 11.35

Internal 0 g Vec Ve
Bus
PORT
LATCH a3 —|os
LK Pont
: Pin
Write Port
a D
SAMPLE
Read P LATCH
ead Port
Q1,Q2 Strong Oriver CLK
Q4 Weak Driver
Q3 Very Weak Driver PH1 Clock
.1200 -
800 4+
Weak Driver (Q4) Overcome
Current
uA
Very Weak
Pullup (Q3) Only
t -
1 0

M, Volts
FIGURE 1131  Quasi bidirectional port pin and transfer characteristic,

Px MODE:  “0”selects the pin as LSIO and disables weak pull-up.
Px_DIR: “1” disables operation of the N-channel transistor.
Px_REG: “1” disables the N-channel transistor.

To configure a given port pin for push-pull operation, the following values must be written
to the corresponding bit within the port SFR.
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FIGURE 1132 Bidirectional port structure example.

Px_MODE:  *0"selects the pin as LSIO and disables weak pull-up transistor.
Px_DIR: “0" enables operation of both the N- and P-channel transistors.
Px_REG: “0" or “1" drives that value at the port pin.

To configure a port pin for open-drain operation, the user must write the following values
to the corresponding bits within the port SFR.

Px_MODE:  “0”selects the pin as LSIO and disables weak pull-up transistor.
Px_DIR: “1” disables operation of the N-channel transistor.
Px_REG: “1" disables the P-channel transistor / achieves Hi-Z state.

“0” enables the N-channel transistor / drives “0" at pin,

11.4_HIGH-SPEED I/O PORTS

Perhaps the most demanding of automotive microcontroller applications is electronic engine
control and antilock braking/traction control. These applications both require the microcon-
troller to detect, process, and respond to external signals or “events” within relatively short
periods of time, Sometimes referred to as a capture/compare module, a microcontroller’s
HSIO (high-speed input/output) peripheral allows the microcontroller to capture an event as
it occurs, The term capture refers to a series of events that begins with the microcontroller '
detecting a rising or falling edge upon a high-speed input pin. At the precise moment this edge
is detected, the value of a software timer is loaded into a time register and an interrupt is trig-
gered. This gives the microcontroller the relative time at which the event occurred. An HSIO
peripheral also provides compare functions by detecting an internal event, such as a timer
reaching a particular count value, When the particular count value is detected, the HSIO unit
will generate a specified event (rising or falling edge) on a port pin. This feature is ideal for
generating PWM waveforms or synchronizing external events with internal events.

For example, consider a typical ABS microcontroller which must detect, capture, and cal-
culate wheel speeds; respond with signals to hydraulic solenoids; and perform many other
background tasks all within a loop time of about 5 ms. The wheel speed signals are input to the
microcontroller as square waves with frequencies up to 7000 Hz (approximately one edge
every 71 ys). The microcontroller must have the performance necessary to capture and pro-
cess these edges on as many as four wheel speed inputs. HSIO peripherals, along with the
interrupt structure, play a major role in the microcontroller’s ability to perform this function.

Nearly every microcontroller manufacturer has its own proprietary HSIO peripheral. For
purposes of this section, the event processor array (EPA) HSIO peripheral, which is used by
Intel’s 87C196KT automotive microcontroller, will be discussed.
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11.4.1 High-Speed Input and Output Peripheral

High-speed input/output peripherals typically consist of a given number of capture/compare
modules, a timer/counter structure, control and status SFRs, and an interrupt structure of
some type. Figure 11.33 shows a block diagram of the EPA peripheral. The main components
of the EPA are ten capture/compare channels, two compare only channels, and two
timer/counters. The capture/compare channels are configured independently of each other.
The two timer/counters are shared between the various capture/compare channels. Each cap-

ture/compare channel has its own dedicated SFR’s: EPAx_TIME and EPAx_CON (x desig-
nates the channel number),

mm roush Qo Dickn pre — ™

Gedllmnﬂy xho-ﬁmnnhr TIMER 2
EFAINTO EPA CHANNEL 0 EPA (0)
EPAINTI ¥ EPACHANNEL1 EPA (1)
EPANTZ 1} EPACHANNEL? EPA(2)
EPAINTS ] EPACHANNEL3 EPA(3)
EPAINTX — —{ EPACHANNEL4 EPA(4)
| |3 1% EPACHANNELS -7 H
N s .
Tl et e
EL | ePACHANNELS ouTPUT DATA | —L) EPA @)
RO e
R ) et o e e =y
U K | EPACHANNEL® T OUTPUT DATA | y—{j EPA [9)
P brswmrmane -
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:l VONFARECHY L MODE SELECTION |
TUMP bececrsrmmsmom

FIGURE 1133 Example HSIO peripheral: Intel's EPA peripheral.

11.4.2 Timer/Counter Structures

High-performance microcontrollers typically integrate one or more timer/counters onto their
silicon. A microcontroller’s timer/counter structure provides a time base to which all HSIO
events are referenced. Timers are clocked internally, whereas counters are clocked from an flr B!
external clock source. Timers are often very flexible structures, in which programmers have | Vil
the capability to configure the limer/counters to meet their application’s particular needs. The i
87C196KT has two 16-bit timer/counters referred to as TIMERI and TIMER2. As 16-bit e |
timer/counters, each limer has the capability of counting to 2'° or 65,536 before overflowing. I i

The user has the option of triggering an interrupt upon overflow of a timer/counter. Each of P
these two timers can be independently configured using the TxCONTROL SFR as shown in ,
Fig, 11.34, where x specifies either 1 or 2 for Timer1 or Timer2, respectively. i

Bits number 3, 4, and 5 are the mode bits that allow the user to configure the clocking () |
source and direction of each timer/counter. The clock rate can be based either upon the fre- i
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TxCONTROL SFR
1 6 4 3 2 I 0
CE uD Ml Mo P2 Pl PO
CE Count Enable: "0" = disable timer, "1" = enable timer
uD: Up/Down: "0" = count up, "1" = count down
MODE: M2, M1 M0 Clock source Direction determined by:
000 XTAL/4 state of UD bit
001 TxCLK pin state of UD bit
oS I XTAL/4 state of TXDIR pin
011 TxCLK pin state of TXDIR pin
100 Timer] overflow state of UD bit
I 10 Timer! overflow same as Timer]
I ld Quadrature clocking using TxCLK and TxDIR pins
Prescale: P2, Pl PO Clock prescale values
000 +by 1 (250 ns @ 16 MHz xtal frequency)
001 + by 2 (500 ns @ 16 MHz xtal frequency)
010 +by 4 (1 ps @ 16 MHz xtal frequency)
011 + by 8 (2 pis @ 16 MHz xtal frequency)
100 + by 16 (4 us @ 16 MHz xtal frequency)
101 + by 32 (8 s @ 16 MHz xtal frequency)
140 + by 64 (16 ps @ 16 MHz xtal frequency)
i reserved

FIGURE 11.34  Timer control SFR example,
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TIMER2 TIMER1
CLOCK

Overflow of TIMER1 clocks TIMERZ thus creating & 32-bit TIMER,

FIGURE 1135  Cascading of timer/counters.

quency that the microcontroller is being clocked at the XTAL pins or upon the input fre-
quency on another pin referred to as TxCLK. The user also has the option of either havin g the
logic level of another pin (TXDIR) or the UD bits in TRCONTROL determine the direction
(up/down) that the timer/counter is clocked.

For those applications that require a 32-bit timer/counter, the user has the option (using
the mode bits) to direct the overflow of TIMERI to clock TIMER?, This is known as cascad-
ing and essentially creates a 32-bit timer/counter as shown in Fig. 1135,

11.4.3 Input Capture

Input capture refers to the process of capturing a current timer value when a specific type of
event occurs, An excellent example of high-speed input capture can be illustrated with a basic
automotive ABS input capture algorithm that calculates the frequency of a wheel speed
input, The signals from the wheel speed sensors are input into the microcontroller’s EPA pins
as square waves. Consider the generic wheel speed input capture example shown in Fig. 11.36.

Two timers (1 and 2) are used in this example. Timer1 is used in conjunction with an EPA
channel to provide a 5-ms software timer (this is a compare function that will be discussed in
the next section). The § ms is the main loop time used in generic ABS algorithms, Timer2 is
used in conjunction with one or more EPA channels to capture the relative times at which
edges occur on wheel speed inputs. The EPA is configured to capture falling edges and initi-
ate an interrupt, which stores the event time and increments an edge count. To simplify this
example, we will consider only a single input channel,

The process starts by EPA interrupts being enabled after Timerl starts a new 5-ms timer
count. The first falling edge causes an interrupt that stores the event time (T2) into a variable
initial time and increments an edge count. The next edge causes an interrupt in which the
event time (T2+x) is stored into a variable called final time and increments the edge count,

Koeewmmmmmnnees T1 (Timer) = Sms loop timer - - - = = - - - - - - - - - p
it tima fral time
m) (T1-5000)

s /I\ T /[\ B
M) (T2ex) (242 m}m (T2+n)
(---Jé---)lt-mmmz)-mwumm ------------- b

FIGURE 11.36  Input capture example using EPA peripheral.

IPR2023-01234
Petitioner - Ex. 1017 - Page 257

s

2
S

e
[

-
P

hares

NER L

A

taiatel

rTTFY

— e
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Subsequent edges’ event times are also stored into final time until Timerl’s 5-ms count
expires. At this point, final time contains the time at which the last edge to occur was captured.
The average period of the input waveform can then be calculated with the following equation:

input period = (final time - initial time) | edge count

11.4.4 Output Compare

Output compare refers to the process of generating an event when a timer value matches a
predetermined time value. The event may be to generate an interrupt, toggle an output pin,
perform an A/D conversion, and so forth. Following is an example that shows the steps nec-
essary to generate an event every 50 us:

1. Enable the output compare channel’s interrupt.
2, Initialize the timer to count up at Lyis per timer tick.

3. Initialize the output compare channel to re-enable and reset the timer (to zero) when a
timer match oceurs.

4, Initialize the output compare channel to produce the desired event when a timer match
Occurs.

5. Write 32h (50 decimal) to the appropriate output compare channel’s time register.
6. Enable the timer to start the process.
7. A compare channel interrupt will be generated every 50 s,

Since the example re-enables and zeros the timer, the event will occur continuously until the
user’s program halts the process.

Software Timers. Software timers such as the 5-ms timer used in the ABS wheel speed cap-
ture example can be set up easily using a compare channel and a timer. The following software
timer procedure is very similar to that used in the previous output compare example:

1. Enable the compare channel’s interrupt.
2. Initialize the timer to count up at 1 us per timer tick.

3. Initialize the output compare channel to re-enable and reset the timer (to zero) when a
timer match occurs.

4. Initialize the output compare channel to produce an interrupt (5-ms ISR) when a timer
match occurs,

5. Write 1388h (5000 decimal) to the appropriate output compare channel’s time register.
6. Enable the timer to start the process,
7. An compare channel interrupt will be generated every 5 ms.

11.45 Pulse-Width Modulation (PWM)

Pulse-width modulation (PWM) peripherals provide the user with the ability to generate
waveforms that have specified frequencies and duty cycles, PWM waveforms are typically
used to generate pulsed waveforms used for motor control or they may be filtered to produce
a smooth analog signal, HSIO peripherals typically provide for PWM waveform generation,
although the methods are not usually as efficient as dedicated PWM peripherals. A basic
example of creating a PWM waveform using an HSIO peripheral’s output compare function
is described in Sec. 11,44,
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K__ mmm,ﬁ)t PWM Peripheral. The components of 2 |
basic automotive microcontroller’'s PWM wl g
= g i peripheral include a counter (typically 8-bit), 14| il

‘ a comparator, a holding register, and a con-
PWM max. count value trol register. The counter typically has a

".

|
FIGURE 1137 PWM waveform time values. prescaler that allows the user to select the y-‘j:.' il
clock rate of the counter, which allows for '
selectable PWM frequencies. Without
prescaling capability, an 8-bit counter would only allow for a period of 256 state times. The
PWM control register determines how long the PWM output is held high during the pulse, o 4
effectively controlling the duty cycle as shown in Fig. 11.37, For an 8-bit PWM counter, the il b
value written to the PWM control register can be from 0 to 255 (equating to 255 state times ‘l A

with no prescaling). Note that PWM peripherals do not typically allow for a 100 percent duty {
cycle because the output must be reset when the counter reaches zero. !
The operation of a PWM peripheral is rather simple. The PWM control register’s value bout
(assume 8-bit for this example) is loaded into a holding register when the 8-bit counter over-  fim
flows. The comparator compares the contents of the holding register to the counter value.
When the counter value is equal to zero, the PWM output is driven high. It remains high until
the counter value matches the value in the holding register, at which time the output is pulled
low. When the counter overflows, the output is again switched high, Figure 11.38 shows typi-

cal PWM output waveforms,

s

2 5% MATH S0 LIiRRARY

Duty PWM Control

Cycle Reglster Value Output Waveform i i
0% 00 !i%a
10% 25 mn M M P i
o T il
90% 230 I LI e Y S |I;§| g
89.6% 255 I r T T A

FIGURE 1138 PWM output waveforms,

11.5 SERIAL COMMUNICATIONS

It is often necessary for automotive microcontrollers to have the capability to communicate
with other devices both internal and external to the ECU. Within an ECU a microcontroller
may have to communicate with other devices such as backup processors, shift registers, watch-
dog timers, and so forth. It is not uncommon for automotive microcontrollers to communicate
with devices external to the ECU, such as other modules within the vehicle and even diagnos-
tic computers at a service station, All of these communication examples require a large quan-
tity of data to be transmitted/received in a short period of time. Also consider that this
communication must utilize as few pins of the microcontroller as possible in order to save valu-
able PCB board space. These requirements all support the need for serial communications.
Serial communications provides for efficient transfer of data while utilizing a minimum
number of pins. Serial communications is performed by transferring a group of data bits, one
at a time, sequentially over a single data line. Each transmission of a group of bits (typically a
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FIGURE 11,39  Serial port block diagram.

byte of data) is known as a data frame. This transfer of data takes place at a given speed, which
is referred to as the baud rate and is typically specified in bits/second.

A typical microcontroller serial port consists of data buffers, data registers, and a baud rate
generator. Interface to the outside world takes place via the transmit (TXD) and receive
(RXD) pins. A block diagram for a typical serial port peripheral is shown in Fig, 11.39. By
writing to the serial port control register, users are able to customize the operation of the
serial port to their particular application’s requirements,

The baud rate generator is used to provide the timing necessary for serial communications
and determines the rate at which the bits are transmitted. In synchronous modes, the baud
rate generator provides the timing reference used to create clock edges on the clock output
pin. In asynchronous modes, the baud rate generator provides the timing reference used to
latch data into the RX pin and clock it out of the TX pin.

11.5.1 Synchronous Serial Communications

Sometimes an application does not allow asynchronous serial communications to take place due
to variations in clock frequency, which results in unacceptable baud rate error. Some applica-
tions simply require some sort of shift register J/O. Synchronous communication involves an
additional clock pin, which is used to signal the other device that data being transferred are valid
and ready to be read. Often when the user configures the serial port to work in a synchronous
mode, the TXD pin automatically reverts to supplying the clock and the RXD pin automatically
becomes the data pin. This configuration prevents an additional pin from having to be reserved
for use as a serial clock pin. When a synchronous data transfer is initiated, a series of eight clock
pulses is emitted from the clock pin at a predetermined baud rate as shown in Fig. 11.40.
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FIGURE 1140 Synchronous serial mode data frame.

An example of synchronous serial communications is shown in Fig. 11.41. Assume that
processor A is to transfer a byte of data to processor B. The program executing in processor A
initiates a serial transmission by writing the data byte to be transmitted into the transmit
buffer. Assuming microcontroller A's serial port is enabled for transmission, writing to the
transmit buffer results in a series of eight clock pulses to be emitted from microcontroller A’s
clock pin. The first falling edge of the clock will signal to processor B that bit 0 (LSB) is ready
to be read into its receive buffer. Microcontroller A will place the next data bit on the TXD
pin with each rising clock edge. With B's serial port enabled for reception, each falling edge
will result in another data bit being shifted into B’s receive buffer. When B’s receive buffer is
full, the received data byte will be loaded into its receive register and will signal its CPU that
the reception has been completed and the data is ready for use.

Processor "A" Processor "B'
Veo
XD (clk) % T™XD (e
RXD (duta) RXD (data)

FIGURE 11,41  Synchronous sertal communications example.

Shift Register Based I/0 Expansion. A common application for synchronous serial trans-
mission is shift register based I/O expansion as shown in Fig, 11.42. In this circuit, a 74HC164
8-bit serial-in/parallel-out shift register is used to provide eight parallel outputs with a single
serial input. The 74HC165 8-bit parallel-in/serial out shift register shown provides a single
serial input resulting from eight parallel input signals. This allows the system designer to
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FIGURE 11.42  Shift register based [/O expansion example.

implement an additional 8-bit output port and additional 8-bit input port (16 signals total)
using only four pins on the microcontroller. This expansion scheme allows a designer to
achieve a greater number of 1/O pins without having to upgrade to a microcontroller with a
higher pin count.

To output data using this [/O expansion method, the user code simply writes a byte to the
serial port transmit register to initiate data transfer, This causes the written byte to be shifted
out of the microcontroller’s RXD pin and into the 74HC164 one bit at a time. The data is
reflected at the output pins of the 74HC164 as each bit is shifted in. For address/data bus emu-
lation, another microcontroller pin may be utilized to indicate valid data to the intended
receiving device.

To receive eight bits of data in parallel using this method, the user’s code must latch the
data on the 74HC165’s input pins into its shift register by asserting the shift/load signal. After
this is accomplished, the user’s code simply needs to enable the serial port receive circuitry to
receive the data one bit at a time into its receive buffer,

115.2 Asynchronous Serial Communications

The most common type of serial communications is asynchronous. As its name implies, asyn-
chronous communication takes place between two devices without use of a clock line. Data is
transmitted out the transmit buffer and received into the receive buffer independently at a
speed determined by the baud rate generator. Most microcontrollers offer several modes of
asynchronous serial communication.

Standard Asynchronous Mode. 'The standard asynchronous mode consists of 10 bits: a start
bit, eight data bits (LSB first), and a stop bit, as shown in Fig. 11.43. After the user initiates a
transmission, data is automatically transmitted from the TX pin at the specified baud rate.

STOP \ START / 0o X 01 X 02 X 00 X 04 X 05 X 08 X 07 Y srop
8-8ITS OF DATA

FIGURE 1143 Standard asynchronous mode data frame.
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A parity function is also implemented, which provides for a simple method of error-detec-
tion. Data transmitted will consist of either an odd or even number of logical “1”s, If even par-
ity is enabled, the parity bit will either be set to a“1” or a“0” to make the number of *1”s in
the data byte even. If odd parity is enabled, the parity bit will be set to the appropriate value
to make the number of “1"s i the data byte odd. For instance, consider the data byte b
11010010b. If even parity is enabled, the parity bit will be set to a “0” since there is already an A
even number of “1"s. If odd parity were enabled, the parity bit would be set to a “1" since It "'_',-'
another “1” would be needed to provide an odd number of “1"s. If the parity function is
enabled (usually through a serial port control register), the parity bit is sent instead of the .
eighth data bit and parity is checked on reception. The occurrence of parity errors is typically fl
flagged in a serial port status register to alert the microcontroller to corrupted data in the f
receive register, &

Multiprocessor Asynchronous Serial Communications Modes. 'Two other common serial
communications modes which are used on automotive microcontrollers are the asynchronous AF
9th-bit recognition mode and the asynchronous 9th-bit mode. These two modes are com- 3

monly used fogether for multiprocessor communications where selective selection on a data

o A e : | ] 1
link is required. Both modes are similar to the standard asynchronous mode with the excep- ' ;Fﬂ_: !
tion of an additional ninth data bit in the data frame as shown in Fig. 11.44. H i il

e o
b
sTOP \ START / 0o X Dt X 02 X 0a X 04 X 0s X 08 X 07 X 08 / stop | ;'l"'
8-BITS OF DATA ‘”.
PROGRAMMABLE 9TH BIT (MODE 2, 3) ——T ‘ ?j
e 10- OR 11-8IT FRAME 8 |
a
FIGURE 11.44  Asynchronous 9th-bit data frame. l SH
|I 1.I.P'
The 9th-bit recognition mode consists of a start bit, nine data bits (LSB first), and a stop |
|
|

bit. For transmission, the ninth bit can be set to “1” by setting a corresponding bit in the serial |
port control register before writing to the transmit buffer. During reception, the receive inter- P ;ji;
rupt bit is not set unless the ninth data bit being received is set to a logic “1”. ' |.
The 9th-bit mode uses a data frame identical to that of the 9th-bit recognition mode. In this , R
mode, a reception will always cause a receive interrupt, regardless of the state of the ninth data bit. i . )
A multiprocessor data link is fairly simple to implement using these two modes. Micro- -|
controllers within the system are connected as shown in Fig. 11.45. The master microcontroller -
is set to the 9th-bit recognition mode so that it is always interrupted by serial receptions. The L4 Lo
slave microcontrollers are set to operate in the 9th-bit recognition mode so that they are inter- e
rupted on receptions only if the ninth data bit is set. Two types of data frames are used: |l S
address frames, which have the ninth bit set, and data frames, which have the ninth bit cleared. ' "Wl
When the master processor wants to transmit a block of data to one of several slaves, it first \ ;
sends out an address frame which identifies the target slave. Slaves in the 9th-bit recognition : Il
mode are not interrupted by a data frame, but an address frame interrupts all slaves, Each A ‘
slave can examine the received byte and see if it is being addressed, The addressed slave then |
switches to the 9th-bit mode to receive data frames, while the slaves that were not addressed .
stay in the 9th-bit recognition mode and continue without interruption, Ll

11.6 ANALOG-TO-DIGITAL CONVERTER )

Analog-to-digital converter (A/D) peripherals allow automotive microcontrollers to sense
and assign digital values to analog input voltages with considerable accuracy. An analog input ‘ i
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Processor “A" Processor “B"”
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D RXD

Processor “C”

3

8

FIGURE 1145  Asynchronous 9th-bit data frame.

may be defined as a voltage level that varies over a continuous range of values as opposed to
the discrete values of digital signals.

11.6.1 Types of A/D Converters

The vast majority of A/D converters available on microcontrollers are of the successive
approximation (S/A) type. Other types include flash A/D converters, in which conversions are
completed in a parallel fashion and are performed at speeds measuring tens-of-nanoseconds.
The drawback is that flash A/D converters require a great deal of die space when integrated
on a microcontroller. It is because of their relatively large size that flash A/D converters are
seldom offered on microcontrollers. Dual-slope A/D converters offer excellent A/D accuracy
but typically take a relatively long period of time to complete a conversion. S/A A/D con-
verters are very popular because they offer a compromise among accuracy, speed, and die-size
requirements. The main drawback to successive approximation converters is that implement-
ing the capacitor and resistor ladders takes a considerable amount of die space, although
somewhat less than flash A/Ds. These converters are also somewhat susceptible to noise,
although there are proven ways to reduce the effects of noise within a given application. The
advantage of S/A converters is that they combine the best of other types of converters. They
are relatively fast and do not take up excessive die space.

S/A converters typically consist of a resistor ladder, a sample capacitor, an input multi-
plexer, and a voltage comparator, A typical S/A converter is shown in Fig. 11.46. The resistor
ladder is used to produce reference voltages for the input voltage comparison. A sample
capacitor is utilized to capture the input voltage during a given period of time known as the
sample time, Sample time can be defined as the amount of time that an A/D input voltage is
applied to the sample capacitor.
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FIGURE 11.46 Typical successive approximation converter.

A successive approximation algorithm is used to perform the A/D conversion. A typical
S/A converter consists of a 256-resistor ladder, a comparator, coupling capacitors, and a 10-bit
successive approximation register (SAR), along with SFRs and logic to control the process.
The resistor ladder provides 20-mV steps (with V= 5.12 V), while capacitive coupling cre-
ates 5-mV steps within the 20-mV ladder voltages. Therefore, 1024 internal reference voltage
levels are available for comparison against the analog input to generate a 10-bit conversion
result. Eight-bit conversions use only the resistor ladder, providing 236 levels.

11.6.2 The A/D Conversion Process

The successive approximation conversion compares a reference voltage to the analog input
voltage stored in the sampling capacitor. A binary search is performed for the reference volt-
age that most closely matches the input. The % full-scale reference voltage is the first tested.
This corresponds to a 10-bit result in which the most significant bit is zero and all other bits
are one (0111 1111 11b). If the analog input is less than the test voltage, bit 10 is left at zero
and a new test voltage of % full scale (0011 1111 11b) is tested. If this test voltage is less than
the analog input voltage, bit 9 of the SAR is set and bit 8 is cleared for the next test (0101 1111
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11b). This binary search continues until 8 or 10 tests have occurred, at which time the valid 8-
bit or 10-bit result resides in the SAR where it can be read by software,

11.6.3 A/D Interfacing

The external interface circuitry to an analog
input is highly dependent upon the applica-
tion and can impact converter characteris-
tics. Several important factors must be
considered in the external interface design:
input pin leakage, sample capacitor size, and
multiplexer series resistance from the input
pin to the sample capacitor, These factors are
FIGURE 1147 Idealized interface circuitry. idealized in F'lg 1147,
The following example is for a 1-1s sample
time and a 10-bit conversion, The external
input circuit must be able to charge a sample capacitor (Cs) through a series resistance (R;) to
an accurate voltage, given a dc leakage (,). For purposes of this example, assume Cs of 2 pf,
Ryof 1.2kQ,and [; of 1 lLA.

External circuits with source impedances of 1 k€ or less can maintain an input voltage
within a tolerance of about .2 LSB (1.0 kQ x 1.0 uA = 1.0 mV) given the dc leakage. Source
impedances above 5 kQ can result in an external error of at least one LSB due to the voltage
drop caused by the 1-uA leakage. In addition, source impedances above 25 k(2 may degrade
converter accuracy because the internal sample capacitor will not charge completely during
the sample time.

Typically, leakage is much lower than the maximum specification specified by the micro-
controller manufacturer. Given typical leakage, source impedance may be increased substan-
tially before a one-LSB error is apparent. However, a high source impedance may prevent the
internal sample capacitor from fully charging during the sample window. This error can be cal-
culated using the following formula:

Error (LSBs) = (e He )x 1024

where Tssy =sample time, ps
R = Rsoupce + Ry, Q
C= CS} f,lf

The effects of this error can be minimized by connecting an external capacitor Cexr from
the input pin to ANGND. The external signal will charge Cey to the source voltage. When the
channel is sampled, a small portion of the charge stored in Cexy Will be transferred to the
internal sample capacitor. The ratio of Cs to Cryy causes the loss in accuracy. If Cexr is 005 uf
or greater, the maximum error will be 0.6 LSB.

Placing an external capacitor on each analog input also reduces the sensitivity to noise
because the capacitor combines with series resistance in the external circuit to form a low-
pass filter. In practice, one should include a small series resistance prior to the external capac-
itor on the analog input pin and choose the largest capacitor value practical, given the
frequency of the signal being converted. This provides a low-pass filter on the input, while the
resistor also limits input current during overvoltage conditions.

11.6.4 Analog References

To achieve maximum noise isolation, on-chip A/D converters typically separate the internal
AJ/D power supply from the rest of the microcontroller’s power supply lines. Separate supply
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pins, Vi.c and Ang, usually supply both the reference and digital voltages for the A/D con-
verter. Keep in mind that V.. and An,,g are the reference for a large resistor ladder on sucees-
sive approximation converters, Any variation in these supplies will directly affect the reference
voltage taps within the ladder, which in turn directly affect A/D conversion accuracy.

If the on-chip A/D converter is not being used, or if accuracy is not a concern, the Vref and
Angnd pins can simply be connected to V. and Vg, respectively. However, since the reference
supply levels strongly influence the absolute accuracy of the A/D converter, a precision, well-
regulated reference should be used to supply V1o achieve the highest performance levels. It
is also important to use bypass capacitors between ¥, and An,,, (o minimize any noise that
may be present on these supplies. In noise-sensitive applications running at higher frequen-
cies, the use of separate ground planes within the PCB (circuit board) should be considered,
possibly as shown in Fig. 11.48. This will help minimize ground loops and provide for a stable
A/D reference.

FIGURE 1148 Example of separate analog and digital ground planes.

11.7 FAILSAFE METHODOLOGIES

The amount and complexity of automotive electronics incorporated into automobiles has
increased at an incredible rate over the last decade. This trend has contributed significantly
towards the impressive safety record of modern automobiles. Although microcontrollers are
extremely reliable electronic devices, it is possible for failures to occur, either elsewhere in
the module or within the microcontroller itself. It is critical that these failures be detected
and responded to as quickly as possible in safety-related applications such as automotive
antilock braking. If proper failsafe methodologies and good programming practices are fol-
lowed, the chances of a failure going undetected are drastically reduced. The application of
failure mode and effect analysis (FMEA) is an excellent tool for identifying potential failure
modes, detection strategies, and containment methods. Used properly, FMEA will assist the
designer in providing a high-quality, reliable automotive module. Although the scope of this
chapter does not provide for a discussion on this topic, the author highly encourages the use
of FMEA.

11.7.1 Hardware Failsafe Methods

Sometimes a hardware solution is required for detection of and response to certain failure
modes. It is difficult for software alone to detect failures external to the device, As an exam-
ple, consider a case in which electrical overstress (EOS) has damaged a port pin, causing it to

IPR2023-01234
Petitioner - Ex. 1017 - Page 267

- e gy oy T —
= ~




1150  CONTROL SYSTEMS

read or drive an incorrect value. In this case, it can be difficult for software to detect because
it would base its response on an incorrect value read from a pin.

Watchdog Timers (WDTs). An on-chip hardware watchdog is an excellent method of
detecting failures which otherwise may go undetected. An example of this would be a micro-
controller fetching either erroneous address or data (due to noise, etc.) and becoming “lost.”
WDTs commonly utilize a dedicated 16-bit counter, which provides for a count of 2'%(65,536)
clocked at a rate of one tick per state time. If users wish to take advantage of this feature, they
simply write to a register o enable the count, Once enabled, the user program must periodi-
cally clear the watchdog by writing a specific bit pattern to the Watchdog SFR. Clearing the
WDT at least every 4.1 ms (65,535 * 1 state time at 16 MHz) will prevent the device from
being reset, The strategy is that if the WDT initiates a reset, the assumption can be made that
a failure has occurred and the microcontroller has became lost.

External Failsafe Devices. 1t is common for systems to incorporate an external failsafe
device, such as another microcontroller or an application-specific integrated circuit (ASIC).
The function of a failsafe device is to monitor the operation of the primary microcontroller
and determine if it is operating properly.

The simplest failsafe devices output a signal such as a square wave for the microcontroller
to detect and respond to. If the microcontroller doesn’t respond correctly, a reset is typically
asserted by the failsafe and the ECU reverts to a safe mode of operation. More complex fail-
safe devices will actually monitor several critical functions for failures such as low Vee,
stopped or decreased oscillator frequency, shorted/opened input signals, and so forth.

Oscillator Failure Detection. 1t is possible for the clocking source (typically an oscillator)
to fail for various reasons. Since most microcontrollers are static devices, a particularly diffi-
cult failure mode to detect is the clocking of the device at a reduced frequency. To detect this
failure, an oscillator failure detection circuit is often integrated upon the microcontroller. This
circuitry will detect if the oscillator clock input signal falls below a specified frequency, in
which case an interrupt will be generated or the device will reset itself.

Redundancy/Cross-checking. A common failsafe methodology is achieved by designing a
redundant, or backup, processor into the module. In this case, the secondary microcontroller
usually executes a subset of the main microcontroller’s code. The secondary microcontroller
typically processes critical input data and performs cross-checks periodically with the main
microcontroller to insure proper operation. A failsafe routine is initiated if data exchanged
between the two devices did not correlate.

11.7.2 Software Failsafe Techniques

Failsafe methodologies implemented in software are ideal for detecting failure modes that
can interfere with proper program flow. Examples of these types of failures include noise
glitches, which are notorious for causing external memory systems to fetch invalid addresses,
ROM/EPROM memory corruption could cause an ISR start address to be fetched from an
invalid interrupt vector location. Interrupts occurring at a rate faster than anticipated can
cause problems such as an overflowing stack. Fortunately, failure modes such as these can be
dealt with by implementing software failsafe methods. It is simply good programming practice
to anticipate these types of failure modes and provide a failsafe strategy to deal with them.
Following are several software strategies commonly used to deal with specific types of failure
modes:

Checksum.  One possible error that must be accounted for is ROM/EPROM memory cor-
ruption. An effective method of detecting these types of failures is through the calculation of
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a checksum during the initialization phase of a user's program. A checksum is the final value
obtained as the result of performing some arithmetic operation upon every ROM/EPROM
memory location. The obtained checksum is then compared against a stored checksum, If the
two match, the ROM/EPROM contents are intact. An error routine is called if the two check-
sums do not match. The most common arithmetic operation used to perform a checksum is
addition, The checksum is calculated by adding the contents of all memory locations. When
the addition is performed, the carry is ignored which provides for a byte or word checksum.
The final result is then used as the checksum.

Unused Interrupt Vectors. 1tis a rare occasion when all interrupt sources are enabled within
an application. If, for some unforeseen reason, the program should vector to an unused inter-
rupt source, some sort of failsafe routine should be implemented to respond to the failure. The
failsafe routine could be as simple as vectoring to a reset instruction or it can be as compli-
cated as the programmer wishes.

Unused Memory Locations, A strategy should be in place to detect if, for some unforeseen
reason, the program sequence should begin to execute in an unused area of ROM/EPROM,
Itis uncommon for the user’s code to fill the entire ROM/EPROM array of a microcontroller.

i
Itis good programming practice to fill any unused locations with the opcode of an instruction ! .‘
such as Reset. On the MCS-96 family, executing the opcode FFh (which happens to be the gal
blank state of EPROM) will initiate a reset sequence. Other microcontroller families have {| el l
similar instructions. U
n
Unimplemented Opcode Interrupt Vectors. Microcontrollers often dedicate one or more A
interrupt vectors for failsafe purposes. An unimplemented opcode interrupt is designed to detect b
corrupted instruction fetches. The corresponding interrupt service routine is executed whenever i
an unsupported opcode is fetched for execution, The interrupt service routine contains the Eg,-
user’s failsafe routine, which is tailored to address this failure for the specific application. EI[ |

11.8 FUTURE TRENDS

There are several significant trends developing in automolive electronics as ECU manufac-
turers strive to meet the challenges of a demanding automotive electronics market. The chal-
lenges that are bringing about these trends are: decreasing cost targets, decreasing form-factor
goals, increasing performance requirements, and increasing system-to-system communication
requirements. As the most significant component of an ECU, microcontrollers are bearing the
brunt of these demands. This section will discuss these challenges and provide some insight
into some of the ways microcontroller manufacturers are addressing these trends.

11.8.1 Decreasing Cost Targets | ‘

Microcontroller manufacturers are aproaching cost reduction in two ways: indirectly and 20k
directly. Indirect cost reductions are achieved by integrating features onto the microcontroller Mgz '
which allow the system designer to reduce cost elsewhere in the system. The key to this '
approach being successful is in the microcontroller manufacturer’s ability to integrate the fea-
ture cheaper than the cost of providing an external solution. Integration is not always the .
cheaper solution, therefore each feature must be evaluated individually to determine the |
feasability of integration. An example of an indirect cost reduction would be the integration
of watchdog and failsafe functions onto the microcontroller, This would eliminate the need .
for external watchdog components and thus reduce cost. ‘
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Another example would be through the integration of communications protocols such as
CAN (Controller Area Network) or J1850 onto the same piece of silicon as the microcon-
troller. This will reduce the system chip count (and thus cost) by at least one integrated circuit
device (the CAN chip) and several interfacing components. In most cases, a reduced chip
count will translate into a PCB size decrease and a cost savings.

By directly addressing decreasing cost targets, microcontroller manufacturers actually
reduce the manufacturing cost of the microcontroller itself. An example of this would be uti-
lizing smaller geometry processes for manufacturing. Process geometry refers to the transis-
tor channel width that is implanted onto a piece of silicon for a given fabrication process.
Smaller processes allow for a higher transistor density on an integrated circuit. Higher densi-
ties allow for smaller die sizes which relate to lower costs. Most automotive microcontrollers
manufactured today are fabricated with a 1.0-micron, or larger, process. As technology
advances, future automotive microcontrollers will be manufactured upon submicron pro-
cesses, such as 0.6 micron.

11.8.2 Increasing Performance Requirements

Automotive applications, such as ABS and engine control, require the processing of a sub-
stantial amount of data within a limited period of time. Higher-performance microcontrollers
are required as system complexity increases and new features, such as traction control and
vehicle dynamics, are incorporated into the ECU.

Microcontroller performance can be directly related to speed. Therefore, a rather straight-
forward approach to increased performance is through increasing clock speed. Today, most
automotive microcontrollers have the capability to operate at frequencies of 16 MHz with
speeds up to 20 MHz becoming common, Future microcontrollers will have the ability to be
operated at frequencies of 24 or even 32 MHz. This allows more code to be executed in the
same amount of time, and thus improves performance.

The method of increasing performance is not limited to just increasing the clock frequency.
Microcontrollers can also achieve higher performance by enhancing existing peripherals for
more efficient operation. This may be in the form of improved data handling or new features
which suit the needs of a specific automotive application,

1183 Increasing System-to-System Communication Requirements

The increasing complexity of automotive electronics requites that an increasing amount of
information (diagnostics, etc.) be shared between various ECUs within an automobile, To ful-
fill this need, high-speed data links are utilized to transfer messages between multiple ECUs
utilizing protocols such as Bosch's Controller Area Network (CAN) and SAE’s 11850.To pro-
vide further size and cost savings, it is becoming more and more common to see these proto-
cols supported or integrated onto automotive microcontrollers as opposed to separate
integrated circuits.

The theory of centralized body computing is also receiving a closer look due to increased
government regulations concerning fuel economy and diagnostics. A centralized body com-
puter would link all ECUs (ABS and traction control, engine, transmission, suspension,
instrumentation, etc.) together over a high-speed, in-vehicle serial network. One common sce-
nario would have the central computer (possibly a microprocessor as opposed to a microcon-
troller) performing the more intense data-crunching tasks, while peripheral microcontrollers
located in each individual ECU would perform system 1/O functions. These communication
protocols provide for efficient two-wire, high-speed serial communications between multiple
ECUs utilizing protocols such as CAN and J1850. Supporting these protocols places addi-
tional loading upon the microcontroller, Increased microcontroller performance is necessary
to manage this loading.
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SHRINK QUAD FLATPACK
SYMBOL DESCRIPTION MIN. | NOM. | MAX. |
N Lead Count 80 '
A Overall Height 1.66 ‘
Al Stand Off 0.00 |
b Lead Width 0.14 | 020 | 0.26
c Lead Thickness 0.117 | 0.127 | 0.177 |
D Terminal Dimension | 13.70 | 14.00 | 14.30
D1 Package Body 12.0
E Terminal Dimension | 13,70 | 14.00 | 14.30
E1 Package Body 120 |
e Lead Pitch 040 | 0.50 | 0.60 f .
L1 Foot Length 035 | 050 | 0.70 1i
Lead Angle 0.0° 10.0° . i
Y Coplanarity 0.10 |
FIGURE 1149  Shrink quad flat pack (SQFP) package. |
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11.8.4 Decreasing Form Factor Goals

Automobile manufacturers striving to build compact, more fuel efficient automobiles are
putting pressure upon ECU suppliers to build smaller, lighter modules,

ECU size is directly affected by PCB size. The easiest way to achieve a smaller PCB is
through integration and utilization of smaller integrated circuit packages. To support this
demand, automotive microcontroller manufacturers are beginning to offer smaller, fine-pitch
packages. A package commonly used today is the 68-lead plastic leaded chip carrier (PLCC)
which has its pins placed on 1.27-mm centers and a body that is 24.3 mm’. An example of a
possible automotive package solution for the future would be the 80-lead shrink quad flat
pack (SQFP, Fig. 11.49) which has pins on 0.50-mm centers and a body that is 12.0 mm? It is
relatively easy to see that the SQFP package offers 12 additional pins in a package that is half
the size of the PLCC. This high pin density, fine-pitch packaging allows for a smaller package
to be utilized for the same size microcontroller die.

Another technology that is quickly becoming popular for automotive applications is
referred to as multichip modules (MCMs). An MCM is a collection of unpackaged integrated
circuit die (from various manufacturers) which are mounted upon a common substrate and
packaged together. The advantage of MCMs is that they require much less PCB space than if
the ICs were packaged separately,

GLOSSARY

Accumulator A register within a microcontroller that holds data, particularly data on which
arithmetic or logic operations are to be performed.

Arithmetic logic unit (ALU) The part of a microcontroller that performs arithmetic and
logic operations.

Analog-to-digital converter An electronic device that produces a digital result that is pro-
portional to the analog input voltage.

Assembly language A low-level symbolic programming language closely resembling
machine language.

Central processing unit (CPU) The portion of a computer system or microcontroller that
controls the interpretation and execution of instructions and includes arithmetic capability,

EPROM Erasable and programmable read-only memory.

High-speed input/output unit (HSIO) A microcontroller peripheral which has the capabil-
ity to either capture the time at which a certain input event occurs or create an output event
at a predetermined time, both relative to a common clock. HSIO events are configured by the
programmer to occur automatically.

Interrupt service routine (ISR) A predefined portion of a computer program which is exe-
cuted in response to a specific event.

Low-speed input/output  The input/output of a digital signal by “manually” reading or writ-
ing a register location in software.

Machine language A set of symbols, characters, or signs used to communicate with a com-
puter in a form directly usable by the computer without translation.

Program counter (PC) A microcontroller register which holds the address of the next
instruction to be executed.
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Program status word (PSW) A microcontroller register that contains a set of boolean flags ‘ | Mt
which are used to retain information regarding the state of the user’s program. 4 i

Pulse-width modulation (PWM) The precise and timely creation of negative and positive T
waveform edges to achieve a waveform with a specific frequency and duty cycle. |'

AUTOMOTIVE MICROCONTROLLERS 1155 fs l

i hte
!
!
i
Random access memory (RAM) A memory device which has both read and write capabili- | Al }
I

'

|

ties so that the stored information (write) can be retrieved (reread) and be changed by apply- ‘
ing new information to the inputs. il
t

Read-only memory (ROM) A memory that can only be read and not written to. Data s 'r|
either entered during the manufacturing process or by later programming; once entered, it is i
unalterable. fil 'l
i

(14

E,

{

Register/arithmetic logic unit (RALU) A component of register-direct microcontroller |

architectures that allows the ALU to operate directly upon the entire register file, 1 t
Serial input/output (SI0) A method of digital communication in which a group of data bits ! flﬂ il
is transferred one at a time, sequentially over a single data line. i;'t'gt :
-rL'
Special function register (SFR) A microcontroller RAM register which has a specific, dedi- ! ‘; ;
cated function assigned to it, o) G
o
BIBLIOGRAPHY .:F
o
4
ASM96 Assembler User's Manual, Intel Corp., 1992, S' :
A

Automotive Electrics/Electronics, Robert Bosch GmbH, 1988,

Automotive Handbook, Intel Corporation, 1994.

Automotive Handbook, 2d ed., Robert Bosch GmbH, 1986,

Corell, Roger I, *How are semiconductor suppliers responding to the growing demand for automotive
safety features?,” Intel Corp., 1993.

Davidson, Lee S., and Robert M. Kowalczyk, “Microcontroller technology enhancements to meet ever-
increasing engine control requirements,” Intel Corp,, 1992. il

Fink, Donald G., and Donald Christiansen, Electronics Engineers’ Handbook, 3d ed, McGraw-Hill, 1989. ifl
iC-96 Compiler User’s Manual, Intel Corp., 1992, ff’
Introduction to MOSFETS and EPROM Memories, Intel Corp., 1990.
MCS®-51 Microcontroller Family User’s Manual, Tntel Corp,, 1993,
Millman, Jacob, and Arvin Grabel, Microelectronics, McGraw-Hill, 1987,
Packaging Handbook, Inte| Corporation, 1994,

Ribbens, William B., Understanding Automotive Electronics, Howard Sams Company, Carmel, Ind. 1992. K :
8XC196Kx User's Manual, Intel Corporation, 1992, '
8XCI96KC/8XCI96KD User's Manual, Intel Corp,, 1992,

ABOUT THE AUTHOR

David §, Boehmer is currently a senior technical marketing engineer for the Automotive Oper-
ation of Intel's Embedded Microprocessor Division located in Chandler, Ariz. He is a member
of SAE.

IPR2023-01234
Petitioner - Ex. 1017 - Page 273




IPR2023-01234
Petitioner - Ex. 1017 - Page 274



CHAPTER 12
ENGINE CONTROL

Gary C. Hirschlieb, Gottfried Schiller, and Shari Stottler
Robert Bosch GmbH

12.1 OBJECTIVES OF ELECTRONIC ENGINE CONTROL SYSTEMS

The electronic engine control system consists of sensing devices which continuously measure
the operating conditions of the engine, an electronic control unit (ECU) which evaluates the
sensor inputs using data tables and calculations and determines the output to the actuating
devices, and actuating devices which are commanded by the ECU to perform an action in

response to the sensor inputs.
The motive for using an electronic engine control system is to provide the needed accuracy b
and adaptability in order to minimize exhaust emissions and fuel consumption, provide opti- 1t TR

mal driveability for all operating conditions, minimize evaporative emissions, and provide sys- |
tem diagnosis when malfunctions occur, a8
In order for the control system to meet these objectives, considerable development time is '
required for each engine and vehicle application. A substantial amount of development must A |
occur with an engine installed on an engine dynamometer under controlled conditions. Infor- ‘
mation gathered is used to develop the ECU data tables. A considerable amount of develop- !
ment effort is also required with the engine installed in the vehicle. Final determination of the |
data tables occurs during vehicle testing. l

|
|
|
12.1.1 Exhaust Emissions ' '

Exhaust Components, 'The engine exhaust consists of products from the combustion of the il |
air and fuel mixture. Fuel is a mixture of chemical compounds, termed hydrocarbons (HC). [t 7
The various fuel compounds are a combination of hydrogen and carbon. Under perfect com- .
bustion conditions, the hydrocarbons would combine in a thermal reaction with the oxygen in (
the air to form carbon dioxide (CO,) and water (H,0). Unfortunately, perfect combustion I
does not occur and in addition to CO, and H,0, carbon monoxide (CO), oxides of nitrogen [ i
(NO,), and hydrocarbons (HC) occur in the exhaust as a result of the combustion reaction. | ' ‘ '
Additives and impurities in the fuel also contribute minute quantities of pollutants such as

lead oxides, lead halogenides, and sulfur oxides. In compression ignition (diesel) engines,
there is also an appreciable amount of soot (particulates) created. Federal statues regulate the -
allowable amount of HC, NO,, and CO emitted in a vehicle’s exhaust. On diesel engines, the ‘
amount of particulates emitted is also regulated.
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Spark Ignition Engines

Air/fuel Ratio. The greatest effect on the combustion process, and therefore on the
exhaust emissions, is the mass ratio of air to fuel. The air/fuel mixture ratio must lie within a
certain range for optimal ignition and combustion. For a spark ignition engine, the mass ratio
for complete fuel combustion is 14.7:1; i.e.,14.7 kg of air to 1 kg of fuel, This ratio is known as
the stoichiometric ratio. In terms of volume, approximately 10,000 liters of air would be
required for 1 liter of fuel. The air/fuel ratio is often described in terms of the excess-air fac-
tor known as lambda (). Lambda indicates the deviation of the actual air/fuel ratio from the
theoretically required ratio:

" quantity of air supplied
theoretical requirement (14.7 for gasoline)

At stoichiometry: A= 1
For a mixture with excess air (lean): 1> 1
For a mixture with deficient air (rich): A< 1

Effect of Air/Fuel Ratio on Emissions

CO emissions. In the rich operating range (A < 1), CO emissions increase almost linearly
with an increasing amount of fuel. In the lean range (A > 1), CO emissions are at their low-
est. With an engine operating at (A = 1), the CO emissions can be influenced by the cylin-
der distribution, If some cylinders are operating rich and others lean with the summation
achieving A = 1, the average CO emissions will be higher than if all cylinders were operat-
ingatA=1.

HC emissions. As with CO emissions, HC emissions increase with an increasing amount
of fuel. The minimum HC emissions occur at A=1.1. .. 1.2, At very lean air/fuel ratios, the

HC emissions again increase due to less than optimal combustion conditions resulting in
unburned fuel,

NO, emissions. The effect of the air/fuel ratio on NO, emissions is the opposite of HC
and CO on the rich side of stoichiometry. As the air content increases, the oxygen content
increases and the result is more NO,, On the lean side of stoichiometry, NO, emissions
decrease with increasing air because the decreasing density lowers the combustion cham-
ber temperature. The maximum NO, emissions occur at A=1.05. .. 1.1,

Catalytic Converters. To reduce the exhaust gas emission concentration, a catalytic con-
verter is installed in the exhaust system. Chemical reactions occur in the converter that trans-
form the exhaust emissions to less harmful chemical compounds. The most commonly used
converter for a spark ignition engine is the three-way converter (TWC). As the name implies,
it simultaneously reduces the concentration of all three regulated exhaust gases: HC, CO, and
NO,.The catalyst promotes reactions that oxidize HC and CO, converting them into CO, and
H,0, while reducing NO, emissions into N,. The actual chemical reactions that occur are;

2C0 +0,- 2C0,
2C,H; + 70, = 4C0O; + 6H,0
2NO +2C0O — N, + 2C0,

In order for the catalytic converter to operate at the highest efficiency for conversion for
all three gases (HC, CO, NO,), the average air/fuel ratio must be maintained within less than
1 percent of stoichiometry. This small operating range is known as the lambda window or cat-
alytic converter window, Figure 12.1 s a graph of lambda () versus the exhaust emissions
both before and after the catalytic converter. Up to 90 percent of the exhaust gases are con-
verted to less harmful compounds by the catalytic converter.
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FIGURE 12.1 Lambda effect on exhaust emissions prior (o
and after catalyst treatment.

To remain within the catalytic converter window, the air/fuel ratio is controlled by the
. lambda closed-loop fuel control system, which is part of the electronic engine control system.
The key component in this system is the lambda sensor, This sensor is installed in the exhaust
system upstream of the catalytic converter and responds to the oxygen content in the exhaust
gas. The oxygen content is a measure of the excess air (or deficiency of air) in the exhaust gases.
A detailed discussion of the lambda closed-loop control system occurs in Sec, 12,2.1,

Ignition Timing. 'The ignition timing is defined as the crankshaft angle before top dead
center (TDC) at which the ignition spark occurs, The ignition timing of the air/fuel mixture
has a decisive influence on the exhaust emissions.

Effect of ignition timing on exhaust emissions.

* CO emissions are almost completely independent of the ignition timing and are primarily a
function of the air/fuel ratio,

* In general, the more the ignition is advanced, the higher the emissions of HCs. Reactions
initiated in the combustion chamber continue to occur after the exhaust valve opens, which
depletes the remaining HCs. With advanced timing due to lower exhaust temperatures,
these postreactions do not readily occur.

¢ With increased timing advance, the combustion chamber temperatures increase. The {en:-
perature increase causes an increase in NO, emissions regardless of air/fuel ratio.

To provide the optimal ignition timing for exhaust emissions, precise control of the ignition
timing is required. It is imperative that the ignition timing be coordinated with the air/fuel
ratio since they have a combined effect on exhaust emissions as well as fuel consumption and
driveability. Ignition timing is generally controlled by the ECU, Ignition timing control is dis-
cussed in detail in Sec. 12.2.1.

Exhaust Gas Recirculation (EGR). Exhaust gas recirculation (EGR) is a method of reduc-
ing emissions of oxides of nitrogen. A portion of the exhaust gas is recirculated back to the com-
bustion chamber, Exhaust gas is an inert gas and, in the combustion chamber, it lowers the peak
combustion temperature, Depending on the amount of EGR, NO, emissions can be reduced by
up to 60 percent, although an increase in HC emissions would oceur at such high levels of EGR.

Some internal EGR occurs due to the overlap of the exhaust and intake valves, Additional
quantities are supplied by a separate system linking the exhaust manifold to the intake mani-
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fold. The quantity of EGR flow to the intake system is metered by a pneumatic or electronic
valve. The EGR valve is controlled by the ECU. The maximum flow of EGR is limited by an

increase in HC emissions, fuel consumption, and engine roughness, EGR control is discussed
in detail in Sec. 12.2.1.

Compression Ignition (Diesel) Engines. There are some key distinctions between an SI
engine and a CI engine. The CI engine uses high pressure and temperature instead of a spark
to ignite the combustible air/fuel mixture. To achieve this, the CI engine compression ratio is
in the range of 21:1, as opposed to roughly 10:1 for an SI engine. In a CI engine, the fuel is
injected directly into the cylinder near the top of the compression stroke. Mixing of the fuel
and air, therefore, occurs directly in the cylinder.

Air/fuel ratio. - Diesel engines always operate with excess air (A > 1). Where:

__ Quantity of air supplied
theoretical requirement

The excess air (A=1.1.. . 1.2) reduces the amount of soot (particulates), HC, and CO emissions.

Catalyiic Converters. An oxidizing catalyst is used that converts CO and HC to CO, and
H,0. The NO, reduction that occurs for an SI engine three-way catalyst (TWC) is not possi-
ble with a diesel because the diesel operates with excess air. The optimal conversion of NO,
requires a stoichiometric ratio (A = 1) or a deficiency of air (A< 1),

Injection Timing. In a compression ignition engine, the start of combustion is determined
by the start of fuel injection. In general, retarding the injection timing decreases NO, emis-
sions, while overretarding results in an increase in HC emissions. A 1° (crankshaft angle) devi-
ation in injection timing can increase NO, emissions by 5 percent and HC emissions by as
much as 15 percent. Precise control of injection timing is critical. Injection timing on some sys-
tems is controlled by the ECU. Feedback on injection timing can be provided by a sensor
installed on the injector nozzle, Further discussion on injection timing occurs in Sec. 12.3.1.

Exhaust Gas Recirculation (EGR).  As with an SI engine, exhaust gas can be recirculated
to the combustion chamber to significantly reduce NO, emissions. The quantity of EGR
allowed to enter the intake is metered by the EGR valve. If the quantity is too high, HC emis-
sions, CO emissions, and soot (particulates) increase as a result of an insufficient quantity of

air. The EGR valve is controlled by the ECU, which determines how much EGR is tolerable
under the current engine operating conditions.

12.1.2 Fuel Consumption

Federal statutes are currently in effect that require each automobile manufacturer to achieve
a certain average fuel economy for all their models produced in one model year. The require-
ment is known as corporate average fuel economy or CAFE. The fuel economy for each vehi-
cle type is determined during the federal test procedure, the same as for exhaust emissions
determination, conducted on a chassis dynamometer. Because of the CAFE requirement, it is
critical that fuel consumption be minimized for every vehicle type produced.

The electronic engine control system provides the fuel metering and ignition timing preci-
sion required to minimize fuel consumption, Optimum fuel economy occurs near A = 1.1,
However, as discussed previously, lean engine operation affects exhaust emissions and NO, is
atits maximum at A =1.1.

During coasting and braking, fuel consumption can be further reduced by shutting off the fuel
until the engine speed decreases to slightly higher than the set idle speed. The ECU determines
when fuel shutoff can occur by evaluating the throttle position, engine RPM, and vehicle speed.

The influence of ignition timing on fuel consumption is the opposite of its influence on
exhaust emissions. As the air/fuel mixture becomes leaner, the ignition timing must be
advanced to compensate for a slower combustion speed. However, as discussed previously,
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advancing the ignition timing increases the emissions of HC and NO,. A sophisticated ignition
control strategy permitting optimization of the ignition at each operating point is necessary to
reach the compromise between fuel consumption and exhaust emissions. The electronic
engine control system can provide this sophisticated strategy.

12.1.3 Driveability

Another requirement of the electronic engine control system is to provide acceptable drive-
ability under all operating conditions, No stalls, hesitations, or other objectionable roughness
should occur during vehicle operation. Driveability is influenced by almost every operation of
the engine control system and, unlike exhaust emissions or fuel economy, is not easily mea-
sured. A significant contribution to driveability is determined by the fuel metering and igni-
tion timing. When determining the best fuel and ignition compromises for fuel consumption
and exhaust emissions, it is important to evaluate the driveability. Other factors that influence
driveability are the idle speed control, EGR control, and evaporative emissions control.

12.1.4 Evaporative Emissions

Hydrocarbon (HC) emissions in the form of fuel vapors escaping from the vehicle are closely
regulated by federal statutes. The prime source of these emissions is the fuel tank. Due to
ambient heating of the fuel and the return of unused hot fuel from the engine, fuel vapor is
generated in the tank. The evaporative emissions control system (EECS) is used to control
the evaporative HC emissions. The fuel vapors are routed to the intake manifold via the
EECS and they are burned in the combustion process. The quantity of fuel vapors delivered
to the intake manifold must be metered such that exhaust emissions and driveability are not
adversely affected. The metering is provided by a purge control valve whose function is con-
trolled by the ECU. Further discussion on the operation of the evaporative emissions control
system occurs in Sec, 12.2.1,

1215 System Diagnostics

The purpose of system diagnostics is to provide a warning to the driver when the control sys-
tem determines a malfunction of a component or system and to assist the service technician
in identifying and correcting the failure (see Chap. 22). To the driver, the engine may appear
to be operating correctly, but excessive amounts of pollutants may be emitted. The ECU
determines a malfunction has occurred when a sensor signal received during normal engine
operation or during a system test indicates there is a problem. For critical operations such as
fuel metering and ignition control, if a required sensor input is faulty, a substitute value may
be used by the ECU so that the engine will continue to operate.

When a failure occurs, the malfunction indicator light (MIL), visible to the driver, is illu-
minated. Information on the failure is stored in the ECU. A service technician can retrieve the
information on the failure from the ECU and correct the problem. Detailed examples of sys-
tem diagnostics are discussed in Sec. 12.2.3.

12.2.1 Engine Control Functions

Fuel Control.  For the purpose of discussing fuel control strategies, a multipoint pulsed fuel
injection system is assumed. Additional discussions of fuel control for different types of fuel
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systems such as carbureters, single-point injection, and multipoint continuous injection
appear in Sec. 12.2.4 (Fuel Delivery Systems).

In order for the fuel metering system to provide the appropriate amount of fuel for the
engine operating conditions, the mass flow rate of incoming air, known as the air charge, must
be determined.

- Ap
requested air-fuel ratio

I

where F,, = fuel mass flow rate
A, =air mass flow rate

The air mass flow rate can be calculated from:
A m— At.Ad

where A, = volume flow rate of intake air
Ay=air density

There are three methods commonly used for determining the air charge: speed density, air
flow measurement, and air mass measurement. In the speed density method, the air charge is
calculated by the engine electronic control unit based on the measurement of air inlet tem-
perature, intake manifold pressure, and engine RPM, The temperature and pressure are used
to determine the air density and the RPM is used fo determine the volume flow rate. The
engine acts as an air pump during the intake stroke, The calculated volume flow rate can be
determined as follows:

RPM D
ARPM:WX?XVE

where RPM = engine speed
D = engine displacement
Vi = volumetric efficiency

In an engine using exhaust gas recirculation (EGR), the volume flow rate of EGR must be
subtracted from the calculated volume flow rate.

Av = Agpy — Aror

The volume flow rate of EGR can be determined empirically based on the EGR valve flow
rate and the EGR control strategy being used.

In the air flow measurement method, the air flow is measured using a vane type meter and
air density changes are compensated for by an air inlet temperature sensor. The vane meter
uses the force of the incoming air to move a flap through a defined angle. This angular move-
ment is converted by a potentiometer to a voltage ratio. Because only the fresh air charge is
measured, no compensation is required for EGR.

In the air mass measurement method, the air charge is measured directly using a hot-wire
or hot-film air mass flow sensor. The inlet air passes a heated element, either wire or film. The
element is part of a bridge circuit that keeps the element at a constant temperature above the
inlet air temperature. By measuring the heating current required by the bridge circuit and
converting this to a voltage via a resistor, the air mass flow passing the element can be deter-
mined, Again, because only the fresh air charge is measured, no compensation for EGR is
required, However, sensing errors may occur due to strong intake manifold reversion pulses,
which occur under certain operating conditions. In such cases, a correction factor must be
determined and applied.
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