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With suppression according to individual cylinders, the number of control increments is
the same as the number of cylinders. Because this limited numker of control stages is still
inadequate for a (as an example) four-cylinder engine, a supplementary strategy is em-
ployed: this is referred to as alternating injection suppression, It consists of varying the num-
ber of active cylinders by one after every two crankshaft rotations to produce a mean torque
lying between the torques produced at the two cylinder stages. This method doubles the
number of control stages to achieve an acceptable level of driving comfort, while comple-
mentary reductions in ignition advance can be employed to provide additional incremental
adjustments,

[n cases where the excess torque is substantial, injection suppression can be supplemented
by short-term ignition cutout to provide extremely rapid output reductions. Figure 16.12
shows the design of the system. In addition to the modest expense, this system also offers vehi-
cle manufacturers an additional advantage in the form of space savings (no additional space
required) and simplicity (limited amount of extra wiring).

T

“'\_— ABS/ASR5 SEFI*
ECU Motronic

‘,4\ ECU

I L

FIGURE 1612 ASR EZ system.

* SEFI = Sequential Electronic Fuel Injection

16.6 APPLICATIONS ON HEAVY COMMERCIAL VEHICLES

Heavy commercial vehicles are used in a highly variegated range of applications. In principle,
the ASR installed on these vehicles employs the same control strategies used for passenger
cars: engine-output control and braking intervention.

Differences in vehicle application can make it necessary to employ ASR systems in vari-
ous levels of complexity (for instance, relying on braking control or engine output control
exclusively). The control unit recognizes the design stage and carrizs out its control functions
accordingly. This makes it possible to employ the most economical ASR system for each vehi-
cle type and particular application.

Figure 16.13 features a schematic diagram showing a typical 4x2 vehicle equipped with a
top-of-the-line ABS/ASR system, During acceleration on p-split surfaces, the brake-force
regulator limits slip between the drive wheels. The ASR valve (4) is activated on the side with
the spinning wheel, while the ABS pressure-control valve (3) allows graduated increases in
pressure at the wheel cylinder.

If both drive wheels start to spin on a road surface affording equal traction on both sides,
the engine-output controller responds by reducing the drive slip ro optimum values. In this
example, the electric performance control (EPC) (10) assumes the role of final-control ele-
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(1) Wheel-speed sensor (@) ASR valve (8) Accelerator pedal

(2) Control unit ABS/ASR  (5) Shuttle valve (9) Engine

(3) ABS valve (B) Service-brake valve (10 EMS control unit
(@ Wheel cylinder (1) Servo motor

FIGURE 1613 Four-circuit ABS/ASR, 4 % 2 vehicle.

ment. The ABS/ASR control unit (2) transmits the desired increment of reduction to the EPC
control unit via interface, and also controls the electric motor at the injection pump.

16.7 FUTURE TRENDS

Ensuring driving stability is the most important task of ASR with rear-wheel-drive cars. This
task can be achieved by a fast engine torque control or a combination of throttle control and
a fast brake control.

ASR systems with a fast engine torque control (ignition and injection intervention) and
brake control without stored energy will be widely used.

Although the application of controllable differential locks also offers efficient ASR con-
trol, the higher costs of this system will prevent wide usage.

The predominant demand on ASR systems for front-wheel-drive cars is that of traction
optimization, Therefore, an ASR system with brake torque contrcl is needed. The combina-
tion of brake torque control and engine torque control results in a complex, efficient system.

In the future, only ASR systems with brake torque control will be widely used with front-
wheel-drive cars, Especially the combination of brake torque control and engine torque con-
trol with ignition and injection intervention will be widely used,

GLOSSARY

ABS return pump A piston pump that draws back brake fluid to the master cylinder.

Alternating injection suppression A variation of the number of active cylinders by one after
every two crankshaft rotations in order to modulate the engine torque.
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ASR deactivation switch A device to switch off ASR on sand and loose gravel in order to
achieve maximum traction on these surfaces.

Automatic throftle valve actuator A simple actuator for automatic throttle angle reduction
in case of excessive acceleration slip.

Braking intervention Automatic brake application at drive wheels in case of excessive
acceleration slip.

D controller A controller with differentiating characteristics,
Electronic performance control Electronic accelerator control.

Engine torque control An actuator to modulate engine torque ir case of excessive acceler-
ation slip.

PI controller Controller with proportional and integral characteristics.
Slip threshold switch Switch to increase desired slip threshold on sand and loose gravel.

Switchover valve A valve to switch hydraulic performance frora normal braking to ASR
performance.

Throttle valve control ASR actuator to modulate the throttle angle.

3/3 ABS valve A valve with three connections and three positions for ABS wheel pressure
modulation.
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CHAPTER 17
SUSPENSION CONTROL

Akatsu Yohsuke

Manager, Vehicle Research Laboratory
Nissan Motor Co., Ltd.

The function of a suspension system in an automobile is to improve ride comfort and stabil-
ity. An important consideration in suspension design is how to obtain both improved ride
comfort and stability, since they are normally in conflict. Advances in electronic control tech-
nology, applied to the automobile, can resolve this conflict.

17.1 SHOCK ABSORBER CONTROL SYSTEM

During the past 20 years, many different damping control systems have been studied. The
main purpose of all these systems is to select the optimum damping force for various driving
conditions. The first function of a shock absorber is to control vehicle movement against iner-
tial forces, such as roll when the vehicle turns and pitch when the vehicle is braked. The sec-
ond function is to prevent vehicle vibration caused by road surface inputs. To satisfy both
functions it is necessary to control damping forces.

There are three basic parts of a damping control system: a damping control device (actua-
tor), sensors, and software (control strategy). Optimum damping forces should be set for var-
ious running conditions in order to improve ride comfort and handling stability.

17.1.1 System Configuration

One of the damping control system configurations is shown in Fig. 17.1. This system uses five
sensors, including a supersonic road sensor, to detect running conditions. Control signals are
sent to adjust the damping force of the variable shock absorbers to optimum values. A main
advantage to this type of system is that, through the use of a road sensor, it can provide opti-
mum control in accordance with the actual road conditions. This system incorporates three
discrete damper characteristics. Sensors used are: a vehicle speed sensor, a steering angle sen-
sor, an acceleration and deceleration sensor, a brake sensor, and a supersonic sensor to detect
road conditions.

One system uses four piezo sensors and four piezo actuators on each wheel in order to
change the damping forces as quickly as possible. This system incorporates two discrete
damper characteristics. Sensors used are: four piezo sensors oa each wheel, a stop lamp
switch, a steering sensor, and a vehicle speed sensor.

17.1
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N Shock Absorber
—'Witt Variable
Damping Force

FIGURE 17.1 Principal components of a damping control system.
17.1.2 Actuator and Sensor

Actuator. Discrete damping control actuators often use a built-in motor to change the
damping force. This motor turns a rotary valve to select the orifice diameter for three differ-
ent damping levels: soft, medium, and hard. The stopping position of the rotary valve is con-
trolled by encoder signals.

Another actuator is a piezo actuator consisting of 88 piezo elements, and it is installed in
the piston rod of a shock absorber. When a high voltage (500 V) is applied to the piezo actua-
tor, it expands about 50 jtm with reverse piezoelectric effect. Elongation in the piezo actuator
causes the plunger pin to be pushed out through the displacement hydraulic coupling unit. As
a result, the plunger pin moves down to open the bypass of the damping force switching valve.
The result is a soft damping force. Figure 17.2 shows this valve.

= | | l_
] h
] [
s e
Hard Mode Condition Soft Mode Condition

FIGURE 17.2 Damping force switching valve,

Sensor. A sensor using a supersonic wave to detect the road surface is shown in Fig. 17.3. The
vehicle height from road to body is calculated on the basis of reflection time T. Judgment of
the road condition is made by analyzing the pattern of change in vehicle height.

A sensor using the piezoelectric effect is shown in Fig. 17.4. Installed in the piston rod of a
shock absorber, the sensor generates an electric charge in accordance with axial force from
the road surface.
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17.1.3 Control System

The control system of Fig, 17.1 is shown in Table 17.1. The occurrence of roll and pitch can be It
predicted from various sensors. Single bumps or dips are detected from changes in vehicle
height. The outline of the road surface judgment logic is shown in Table 17.2. i

SUSPENSION CONTROL ~ 17.3 i
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H: Vehicle Height
C: Velocity of Sound
T: Reflection Time

FIGURE17.3 Supersonic sensor.

Pistornt Rod il
Axial Force
Arising in the .
Piston Rod Piezo Elements

r I

FIGURE 174 Piezoelectric sensor. |

The block diagram of the system using four piezo sensors and four piezo actuators is |
shown in Fig. 17.5, The damping force arising in an absorber increases instantaneously as the I i

tire or wheel goes up or down in accordance with unevenness of the road surface. Each piezo

sensor outputs to the electronic control unit continuous signals indicating damping force dif- B

switches from firm mode to soft mode. The system is designed so that the firm mode re-

ferential. If the value of damping force differential exceeds a predetermined level, the system i
engages immediately after the vibrations due to poor road surface cease. ' ]

Many of the limitations and disadvantages of the conventional shock absorber can be elim- _
inated by the damping control systems. They include semiactive suspension systems which are ‘
capable of providing both ride comfort and good handling. {
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TABLE 17.1 Damping Force Control System

Sensors used Damping force
Vehicle | Steering | Accel/ Road Front
Control objectives speed angle | decel | Brake | condition Rear
Roll reduction for quick Hard
Rl steering operation ' - 0 Hard
Reduction of nose diving by 0 o Hard
Pitch braking Hard
Reduction of pitching when Medium
accelerating and decelerating o o Medium
Reduction of light, bouncy Medium
vibrations in bottoming O o Medium
Bouncing F:Eduﬁuon 'of élght, !.‘J{)llllcy 4 a Medium
vibrations in bouncing on a Mediiin
heaving road
Road holding Boad holdin% pt}t‘rformanF:e 0 0 Medium
performance. | Provement w en running Medinm
on rough roads
Stability improvement at high Medium
speed 0 Soft
Others Prevention of shaking when
, 3 Hard
stopping and rocking when 0 Turd
passengers exit or enter

TABLE 17.2 Road Condition Judgment Logic

High-frequency

Low-frequency components

components Small Large
Small Smooth road Heaving road
damping force control
Large unnecessary Rough road

17.2 HYDROPNEUMATIC SUSPENSION CONTROL SYSTEM

A hermetically sealed quantity of gas is used in the hydropneumatic suspension control sys-
tem. The gas and hydraulic oil are separated by a rubber diaphragm, as shown in Fig. 17.6a.
The mechanical springs are replaced by gas. The shock absorber damping mechanism is
achieved by the orifice fitted with valves,

17.2.1 System Configuration

As shown in Fig, 17.6b, by adding an additional sphere to the hydropneumatic system, a con-
trollable hydropneumatic system can be realized. If the regulator is closed, the system is in a
firm mode, If the regulator is open, the spring constant of the suspension system becomes
lower by increasing the total volume of the sphere, and the total damping force is reduced.
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Ecm Sensor Front L/H }—.' Piezo Actator FIL
EthemmeRﬂ-l l—»
EﬁmScnmelJH l—> E
[ﬁem&mRﬂrRﬂi ]—h C

| Sop Lamp Switch [
| Seering Angle Sensor |
[ Pizo Actuaor 1

Piezo Actuator FlL

liehiclu Velocity Sensor |_>

ICheck Terminal ]_> Piezo Actustor F/L

FIGURE 17.5 Block diagram of damping control systzm.

Depending on the sensors used, which detect vehicle driving and road surface conditions, this
system can change the regulator characteristics in order to achieve both good ride comfort
and handling stability.

17.3 ELECTRONIC LEVELING CONTROL SYSTEM

In a pneumatic and hydropneumatic suspension, the vehicle body can be maintained at a con-
stant height from the road surface, keeping a low spring constant. The advantages of an elec-
tronic control system are:

lCPU&Dﬂm }‘mmumm.. Sensors

1

N B Gad B

1  Additional Damper
2 ' Regulutor ( Open or Closed )
3 | Additional Sphere

(b)

FIGURE 17.6 (a) Hydropneumatic suspension system; (b) Controllable hydropneumatic suspension system.

IPR2023-01234
Petitioner - Ex. 2017 - Page 379




17.6  CONTROL SYSTEMS

» Keeping a low spring rate to achieve good ride comfort independent of load conditions
» Increase in vehicle body height on rough road surfaces

» Changing spring rate and damping force in accordance with driving conditions and road
surfaces

17.3.1 System Configuration

The system is shown in Fig. 17.7. It consists of eight sensors, a mode select switch, air
spring/shock absorber units on four wheels, actuators to operate the changing valves in the
unit, a compressor unit and five height control valves for air springs, and an electronic control
unit (ECU). The system configuration is shown in Fig. 17.8.

gCulUﬁ Display System | | Exhaust Valve  Hlcight
& Control
MPressor Valve
Mode Select SW ~ |— | /
' Stop Lamp §/W I—-— /
Throttle Position Sensor |—]
Steering Sensor
Front
Vehicle Speed Sensor E
Door S/W — C
Alernator —_ U
Check Terminal S
Diagnosis Clear Terminal }—| -
Rear
N

Height Sensor

FIGURE 17.7  Principal components of an air suspension system.

17.3.2 Components

The structure of the air suspension unit consists of a shock absorbzr, a pneumatic piston sur-
rounding the shock absorber, main and sub-air chambers, a rolling diaphragm, and valves
which change the suspension stroke.

The actuator uses a dc motor, which has two shafts to operate the valves for the air spring
and the shock absorber. The rotation of the motor is reduced by the sector gear and operates
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Suspeusion Control Switch

Check Connector

FIGURE17.8 Configuration of an air suspension system. ! i

the rotary valve to change the damping force. At the same time, another gear engaged with :
the sector gear operates the air valve to change the spring rate. | i

17.3.3 Control System | |

This system can change the spring rate and the damping force info three levels and vehicle B N
height levels of low, normal, or high can be selected. One of the control logics is shown in '
Table 17.3. This is a control which changes the suspension characteristics in response to vehi- |
cle speed and road conditions. The spring rate/damping force and the vehicle height are con- | ‘
trolled independently according to each control logic. (I
Electronic leveling control systems do not need much energy to control vehicle height. !
They control both spring rate and damping force. As a result of keeping the low spring rate, | -
electronic leveling control systems can provide both good ride comfort and handling stability. [ 1hi

TABLE 17.3 Basic Control Logic of Air Suspension System

Spring rate, damping force

_Sofl rﬁ;de Medium mode b\

Function Operating condition Soft Medium Firm Soft Medium Firm | .

Antiroll Rapid steering O O—»0

Antidive  Braking at V* > 60 km/h o O/*,O O—0 i
>0

Antisquat ~ Rapid starting at V < 20 km/h O

O—»0 ; ‘

*V: Vehicle speed. 1 '
|
|
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17.4 ACTIVE SUSPENSION

Suspension control systems for passenger cars have evolved through several stages over the
years. Work in the field began with the air suspension for controlling vehicle height and then
progressed to the hydropneumatic suspension and suspensions with variable damping force
and spring rate control. Now efforts are underway to develop an active suspension. It is
defined as one that has the following features:

» Energy is constantly supplied to the suspension and the force generated by that energy is
continuously controlled

* The suspension incorporates various types of sensors and a unit for processing their signals
that generates forces that are a function of the signal outputs

17.4.1 System Configurations

Basic Configuration. Hydraulic active suspension can be divided into two large systems:
the hydraulic system and the control system, as shown in Fig. 17.9. The hydraulic pressure of
each of the actuators located on each wheel is controlled in accorcance with the output val-
ues from the G sensors to suppress changes in vehicle body position (bounce, pitch, roll) and
reduce vibration from the road surface.

Hydraulic System
So Road Braking
i Surface Acceleration
Control Systzm ! imegularity Operation
Pressure {
Control
Controller | i
I Valye [—{ Actuator Vehicle
g vsad Bounce, Pitch, Rol
“Piteh |
* Roll

FIGURE 179 Hydraulic and control systems for an active suspension,

Hydraulic and Control System Configuration, A basic overview of the system is shown in

Fig. 17.10. The functions of the main units of the hydraulic system are shown in Table 17.4.
Asshown in Fig, 17.11, the control system contains the controller and all of the sensors includ-

ing the vertical G sensors, lateral G sensors, fore and aft G sensors, and vehicle height sensors

17.42 Components

Oil Pump. The oil pump has seven cylinders arranged around the circumference and can
output a maximum oil flow of 12 liters per minute. The pump is connected in tandem with the
power steering vane pump,
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Rear main accumulalor
Verlical G sensor (rear right)

Aclive suspension control unit \ ;

Rear actuator (right)—~_
}"\.

Vertical G sensor
(rear lel)

Rear actualor (lell)
Fronl actuator ||nghu—\

Vehlcl: he:gh
LY sensor ™,

Froni pressure conirol unit 1 ;
2 X /
&2 firont right) St Vehicle height sensor (rear lel)

Front main

lalor
et sensor

(front left}

Pump accumulator
P /AN \—Vertical G sensor (front)

= Fron! actualor (left)

Mullivalve uml—/ Reservoir tank

Qil coaler

FIGURE 1710  Principal components of an active suspension systen.

Pump Accumulator. To dampen pulsating hydraulic pressure generated by the oil pump,
pump accumulators are installed in the hydraulic supply unit, including one on the side of the
oil pump. To dampen the high-frequency pulsations, a metal-be/lows-type accumulator is
used.

Multivalve Unit. As shown in Fig. 17.12, the multivalve unit contains valves for many dif-
ferent functions. The main purpose of the multivalve unit is the basic control of hydraulic
pressure for the whole system. The function of the multivalve unit is shown in Table 17.5.

Main Accumulator. The main accumulator is positioned at both the front and rear axles,
The main accumulator has two principal functions: it stores oil from the multivalve unit and
provides extra flow to the actuators when necessary, and it preserves vehicle height when the
engine is turned off.

TABLE 174 'The Functions of Main Units of the Hydraulic Systems

Main basic function

Oil pump Supplies the necessary oil for system operation (power supply)

Pump accumulator Removes the pulsating action from pressurized oil supplied by the oil pump

Multivalve unit Controls the supply of pressurized oil, failsafe function, etc.

Main accumulator Maintains oil pressure, compensates when large amount of flow is required and preserves
vehicle body height

Pressure control unit  Controls the hydraulics for the actuators on each wheel according to signals received from the
control unit
Actuator Controls vehicle attitude and absorbs external forces from the road surface
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Pressure conlral valve /— Fronl main accumulalor

Sub-accumulalor
Pressure conlrol valve

1L

G sensor Controller Hydraulic
T |l,: pressure
Vehicle speed il

sensor

Pressure
conlral
valve

Multivalva unil

Vehicie height

£arior Pressure control vaive

Rear main accumulator

FIGURE 17.11 Controls for an active suspension system.

From Oil »| Filter »| Main Check| _ [Flow Control To Front Pressure
A Valve Valve & I_ * Control Unit
o wp 10 Rear Pressure
Y = Control Unit
Main Relief g
Valve <
% .. From Front Pressure
|' Control Unit
To Oil Cooler - ! Pilot - Controlled | <L From Rear Pressure
Valve Control Unit

FIGURE 1712 Multivalve unit configuration,

Pressure Control Unit. As shown in Fig. 17.13, the pressure control unit controls the
hydraulic movement of the actuator of each wheel in accordance with instructions received
from the control unit. Table 17.6 shows the valve’s construction and operating principle,

The electrohydraulic pressure control system consists of a pressure actuator and a pressure
control valve. The actuator is of the single acting type and is provided with a damping valve
and an accumulator below the cylinder. The pressure control valve is built with three ports
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TABLE17.5 Multivalve Unit Functions
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Function Valve Outline

Pressure supply Main relief When the oil pressure exceeds a constant value, the main relief valve

management function  valve will return some of the oil flow. This keeps the oil supply pressure at a
constant pressure,

Vehicle height Main check valve ~ The main check valve is a nonreturn valve that controls the flow from the

maintenance function  Pilot-controlled  line filter and directs it to the flow control valve, The pilot controlled check

check valve valve is a supply-pressure-reaction-type open/closed valve. When the

hydraulic pressure exceeds a constant value, the valve opens and when the
hydraulic pressure falls below that level, it closes. In addition, it maintains
the hydraulic pressure at a constant level when the engine is turned off,

Vehicle height Flow control When the engine is turned off, the flow contral valve closes the main

control function

Failsafe function

valve passage and directs the flow through the bypass passage orifice, slowly
increasing the hydraulic pressure, after which the main passage is
opened. This prevents any sudden changes in vehicle height when
starting the engine.

Failsafe valve When any irregularities occur in the electronic system, it changes the

hydraulic passage, preventing any sudden changes in vehicle height.

and employs a pilot type proportional electromagnetic control valve. This pressure control
valve has two main functions;

« It controls the pressure of the actuator according to the control input. This is accomplished
by driving the solenoid so that it adjusts the pilot valve, causing the spool to move.

» Feedback control is applied to move the spool in response to fluctuations in actuator pres-
sure caused by road surface inputs; the action of the spool works o keep the actuator pres-
sure at a certain fixed level.

Actuator. As shown in Fig. 17.14, the actuator consists of the hydraulic power cylinder, sub-
accumulator, damping valve, etc. Auxiliary coil springs are also employed to reduce the pres-
sure necessary for the overall system and to reduce the amount of horsepower expended. The
subaccumulator and damping valve at the bottom of the hydraulic power cylinder absorb and
damp the high-frequency vibration from the road surface.

Supply Return
Pof‘tp Port

T

_m\ \\\\\\\\\\
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e
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Main Valve

Spool

Pilot Valve Solenoid

FIGURE 17.13 Pressure control valve construction.
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TABLE 17.6 Pressure Control Valve Functions

Active control The pressure in the control port (actuator) is controlled in response to the electric current applied
function to the solenoid, thus controlling the vehicle attitude.

Passive damping When various pressure levels are caused in the interior of the actuator by road surface forces, this
function pressure passes through the control port, causing feedback on the spool and the generation of

appropriate damping forces,

Controller. As shown in Fig. 17.15, the controller is constructed using two 16-bit microcom-
puters, MCU1 and MCU2,

MCU1 processes signals from the G sensors and then sends attitude control signals to the
pressure control valve solenoid drive circuit. MCU2 processes signals from the vehicle height
sensors and then sends attitude control signals to the solenoid drive circuit,

MCUI and MCU2 normally perform mutual transmission, but should an irregularity
oceur, the signal will be sent to the failsafe circuit, causing the failsafe valve to operate and
thus guarantee a high degree of safety.

\ Ac:eleration

Spool Micracemputer i : Cantrol
7 % W serssaray

<’:Lr 2
20—

Pilet Solenoid
Valve

e e

Actuator

Accumulator

Damping
Valve

FIGURE 1704  Schematic diagram of electrohydraulic pressure control system.
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FIGURE 17.15 Interior construction of the electrohydraulic pressure controller.

G Sensors.  The G sensors are ball position detection type sensors. They detect changes in
the magnetic field caused by the position change of a steel ball as the result of acceleration,

17.4.3 Control System

Roll Control. The inertia force, which causes the car to roll, is detected by the lateral G sen-
sor. Roll control is initiated by increasing the control pressure on the wheels on the outside of
the turn and by decreasing the control pressure for the wheels on the inside of the turn, Fig-
ure 17.16 shows this operating principle.

The relation between the lateral G and the force generated by thz actuator is:

F=ma (17.1)

Pitch Control. During braking, inertia is generated at the vehicle's center of gravity and
causes pitching. The longitudinal G sensor detects this inertia and cancels it to suppress nose
dive by increasing the control pressure to the front and decreasing control pressure to the
rear, as shown in Fig. 17.17. The relationship between longitudinal G and the actuator gener-
ated force is:

IPR2023-01234
Petitioner - Ex. 2017 - Page 387




17.14

CONTROL SYSTEMS
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FIGURE 17.16 Operating principle for roll control.
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FIGURE 17.17 Pitch control parameters.

Fh=AF (Ly+L,)
Fh math
= i
AF TRTA, I (17.2)

Bounce Control. The vertical G sensor attached to the vehicle body detects the value for
vehicle body acceleration. By integration of the acceleration, the absolute velocity of the body
is calculated. A force proportional to the absolute velocity is generated by the pressure con-
trol valve.
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This control method, called skyhook damper control, is adapted. It dampens the motion of
the car body regardless of any input from the road surface.

In the case of a passive damper, the vertical motion of the body relative to the road surface
inputs can be given as:

X, __ 2kt
X, 0 +2ok0+ 0}

(173)

The vibration transmission rate at the resonant point is:

X, k. 1
= = it 17.4
=0 4& ( )

X
By contrast, the vibration characteristics of the skyhook damper are given as:

and always has a value greater than one.

4 2jink + 0

B _ 17.5
X;  -0'+2j0 (5 + )0+ L
The vibration transmission ratio at the resonant point is:
& SN (176)
Xilosw, 2E+8&)

hence,

5,21{§§+%-§; (17.7)

and 1t is possible to reduce the ratio to less than one.

The effects of the hydraulic active suspension are organized in Table 17.7 according to
those related to the vehicle.

17.4.4 Effectiveness

Figure 17.18 shows the lateral G and angle of roll during cornering. Figure 17.19 shows the
fore and aft G force, angle of nose dive, and squat angle during starts and stops. In either case,

the car with the hydraulic active suspension outperformed the other cars with conventional
suspensions.

TABLE 17.7  Effect of Active Suspension Control

Control

Vehicle-related effects

Roll control

Pitch control

Bounce control

During transient control of wheel loading, as when changing lanes, the steering characteristics of the
vehicle can be optimally controlled. The tires are used to their utmost performance ability because
there is minimal roll, minimal change in the camber of the tires to the ground, and because the tires
are continually kept in square contact with the road.

Nose dive and tail lift are minimized during braking, Squats are minimized during starts and rapid
acceleration.

Vertical vibration of the vehicle is reduced and continuity is improved, Vertical load fluctuation is
minimal, and the contact of the tires with the road is greatly improved.
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Roll Angle
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FIGURE17.18 Comparison of roll angles during cornering,
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FIGURE 17.19  Comparison of nose dive and squat angles.

Figure 17.20 shows the effects of bounce control for the skyhook damper. Compared with
cars using conventional suspension systems, the car with the hydraulic active suspension sys-
tem exhibited superior performance and low vibration levels.

Figure 17.21 shows the ride characteristics and roll rate for various cars with some suspen-
sion systems. As the results clearly demonstrated, the hydraulic active suspension system,
through advanced roll control and bounce control, provides a ride and a level of control far
superior 1o that of other suspension systems.
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FIGURE 1721 Ride characteristics and roll rate for variots cars with
different suspension systems.

175 CONCLUSION

The active suspension system provides outstanding levels of performance which are unob-
tainable with other suspension control systems and conventional passive suspensions. Evalu-
ations made with actual vehicles confirmed the effectiveness of the active suspension system
in improving ride comfort and handling properties.
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GLOSSARY

Hydropneumatic suspension A suspension system using oil or iir to support the car body,

Skyhook damper control The control law applied to control the vehicle as if it were fixed
within absolute space suspended from the sky.

Supersonic sensor A sensor used to measure the distance between a car body and the road
surface using supersonic waves,

NOMENCLATURE

Cy  passive damping coefficient
C,.: active damping coefficient

K, tire stiffness

K, spring stiffness

M,: unsprung mass

M,:  sprung mass

ay = (K\/M)"* natural frequency of unsprung mass
;= (Ky/M,)"  natural frequency of sprung mass
&= (G2) (M:K;)'"*  active damping ratio

£ = (Cs/2) (My/K;)"*  passive damping ratio
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18.1 VARIABLE-ASSIST STEERING

CHAPTER 18
STEERING CONTROL

Makoto Sato
Honda R&D Co, Lid.

The application of electronic control technology to vehicle steering systems is still in the
development stage. The structure and functtoning of such systems are not yet clearly defined.
Accordingly, the material that follows is intended primarily to introduce systems which have
already been published, and it is devoted entirely to the electronic aspects of those systems
and does not include descriptions of the basic operation of hydraulic power steering systems,

18.1.1 Fundamentals of Electronically Controlled Power Steering

Electronically controlled power steering improves steering feel and power-saving effective-
ness, and increases steering performance. It does so with control mechanisms that reduce the
steering effort. An electronic control system, for example, may be added to the hydraulic
booster or the whole system may be composed of electronic and elzctric components,

The intent of electronic controls, initially, was to reduce the steering effort when driving at
low speeds and to supply feedback for the appropriate steering reaction force when driving at
high speeds. In order to achieve those goals, devices such as vehicle speed sensors were used
to detect vehicle speed in order to make smooth and continuous changes in the steering assist
rate under conditions ranging from steering maneuvers at zero speed to those at high speeds.
However, as vehicles became equipped with electrohydraulic systerns and fully electronic and
electric systems, the emphasis for these systems started to include reduction in power require-
ments and higher performance.

The main functions required for electronically controlled power steering are listed in Table
18.1.

18.1.2 Types of Electronically Controlled Power Steering

Electronically controlled power steering systems presently available commercially can be
classified according to their basic structure and basic principles into three types: hydraulic,
hybrid, and full electric systems, as shown in Table 18.2, Detailed explanations of these sys-
tems are given as follows.
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TABLE 18.1 Functions Required for Electronically Controlled Power Steering

Reduction of driver’s burden when
turning the steering wheel and
improvement in the steering feel

* Reduction in steering effort

* Smoothness of steering operation

* Feedback of appropriate steering reaction forces
* Reduction of kickback'

* Improvement in convergence?

* Creation of other new functions

Power saving
Failsafe * Maintaining of manual steering function in the event of any malfunctions
TABLE 18.2 Classification of Electronically Controlled Power Steering System
| Major effects
| Sleering
force
\ e SE_‘WS respansive
Basic Control Control ‘ Vehicle | Steering | Angular to vehicle | Power
structure method abjects , speed torque | velocity | Current | Actuator speed saving
Flow Flow supply fo 0 O Solenoid 0 %
power cylinder |
Cylinder Effective 0 @] Solenoid O
bypass actuation
pressure iven |
Electronically togflinder | - o
contralled Valve Pressure 0 O | Solenoid 0
hydraulic characteristics | penerated at
system control value
Hydraulic Pressure acting 0 O Solenoid 8]
reaction force | on the
control hydraulic
reaction force
mechanism
Hybrid system | Flow Flow supply to @] @) o Motor 0 O
power cylinder
Filllélectfic Current Motor torque 0 0 0 Mator 6} Q
e Voltage Motor power 0 0 O @ Motor 0 0

18.1.3 Explanations of Each System

Electronically Controlled Hydraulic System. This system consists of a linear solenoid
valve, a vehicle speed sensor, and other electronic devices located ir part of the hydraulic cir-
cuit of the hydraulic system. The opening of the solenoid valve is controlled based on signals
from the vehicle speed sensor. The flow and pressure of the hydraulic fluid is controlled by
means of the opening of the solenoid valve.

The assist rate 1s smoothly and continuously varied in response to the vehicle speed, so that
when the vehicle is stationary, the opening of the solenoid valve is small to ensure that the
steering effort 1s appropriately light, When the vehicle is moving at high speed, the opening of
the solenoid valve is large to ensure that the steering effort is appropriately heavy.

Flow Control Method. In this method, a solenoid valve is locatzd at the pump discharge
port as shown in Fig. 18.1. The electronic control device regulates the solenoid valve opening
at high vehicle speeds to reduce the pump discharge volume, thus increasing the required
steering effort. By reducing the resistance of the circuit between the pump and the power
cylinder, power requirements are reduced. Figure 18.2 shows the position of the solenoid
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FIGURE 18.1 Vehicle speed-responsive pump discharge flow
volume control type.!
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valve at the pump, with separate diagrams showing the operation at high and low vehicle
speeds,

The flow of hydraulic fluid to the power cylinder is reduced when driving at high speeds, so
that, for this method, the magnitude of the steering response rate and the steering reaction
force are balanced at a point of equilibrium,

Cylinder Bypass Control Method. In this method, a solenoid valve and a bypass line are
located between both chambers of the power cylinder. The opening of the valve is extended
by the electronic control equipment in accordance with increases in vehicle speed, thus reduc-
ing the hydraulic pressure in the power cylinder and increasing the steering effort. Like the
flow control method, this system may also seek the equilibrium point for the steering response
rate and the steering reaction force.

Valve Characteristics Control Method.  In this method, the pressure control restrictions of
the rotary valve (control valve) mechanism, which control the volume and pressure of the
hydraulic fluid supplied to the power cylinder, are divided into second and third parts. A
fourth part, controlled by means of the vehicle speed signal, is provided in the hydraulic line
between the second and third parts as shown in Fig. 18.3. The structure of this system is shown
in Fig. 18.4. The steering effort is controlled by carrying out variablz control of the fourth part
to vary the assist ratio. Because the structure is simple and the flow from the pump to the
cylinder is supplied efficiently without waste, this system exhibits a good response rate. Figure
185 shows the hydraulic pressure characteristics in the valve characteristics control method
with the driving current of the solenoid valve in accordance to the vehicle speed control sig-
nal as a parameter. When the current is 0.3 A, the valve is fully open, and this represents the
high-speed driving condition,

Hydraulic Reaction Force Control Method. Tn this method, the steering effort is con-
trolled by means of a hydraulic reaction force mechanism, which is located at the rotary valve
(control valve). A hydraulic reaction force control valve increases the hydraulic pressure
(reaction pressure) introduced into the hydraulic reaction force chamber in accordance with
increases in the vehicle speed. The rigidity of the reaction force mechanism (equivalent spring
constant) is variably controlled so as to directly control the steering effort.

FAestriction R
\ Restriction L
Pump
Restriction A :
L. . _iRestriction |

Contiofler B

Third

uf
Resenvair l_”

Reservoir

Bridge circult for conventional power steering Bridge circuit for electronically-contralled power

steering

FIGURE 18.3 Closing bridge circuit for control valve,?
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This method requires the inclusion of a reaction force mechanism, which makes the struc-
ture of the control valve more complex, which in turn increases the cost. However, because
the rigidity of the reaction force mechanism increases in accordance with increases in the
vehicle speed, there is no vagueness in the steering feel in the area around the straightforward
steering position, Because this method assigns the steering reaction force irrespective of the
volume of hydraulic fluid supplied to the power cylinder, the magnitude of the steering reac-
tion force can be set freely without the need to sacrifice any of the steering response rate.
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18.1.4 Hybrid Systems

Hybrid systems utilize a flow control method in which the hydraulic power steering pump is
driven by an electric motor. The steering effort is controlled by controlling the rotating speed
of the pump (discharge flow),

The drive efficiency of the generator and motor are low compared to that of the hydraulic
pump, which is driven by the vehicle engine. But because any residual flow is not discharged,
the power loss 1s lower than that of the engine pump when driving at high speeds.

Because the pump is not driven by the vehicle engine, there is also a large degree of free-
dom in the selection of the mounting location for the pump.

Driving Mode Responsive Method. Tn this method, the control system consists of a vehicle
speed sensor, steering angular velocity sensor, an electronic control unit, and a motor driven
hydraulic pump, as shown in Fig. 18.6.

As is shown in Fig, 18.7, the driving conditions (such as driving in urban areas, country
areas, winding regions, or highways) are automatically judged, and the pump flow rate is con-
trolled in accordance with this condition in order to provide the appropriate steering effort
for the driving conditions. Fine control adjustments are achieved by means of this method as
compared with vehicle speed-responsive types mentioned previously.
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FIGURE 186 Driving mode responsive-type hybrid power steering*
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FIGURE 18.7 Driving mode and pump flow rate.?

Steering Wheel Speed Responsive Method. For this method, the system consists of compo-
nents such as a vehicle speed sensor, steering wheel angular velocity sensor, an electronic con-
trol unit, and a motor-driven hydraulic pump, as shown in Fig. 18.8. The pump flow volume is
controlled in accordance with the angular velocity of the steering wheel and the vehicle speed
as shown in Fig. 18.9. As mentioned previously, the discharge flow volume of the pump is
reduced and the steering response drops when the vehicle is driven at high speeds. Therefore,
in this system, the speed of the motor is increased in accordance with the detected angular
velocity of the steering wheel in order to increase the discharge flow volume to solve the
problem. Accordingly, losses in power resulting from the circulation of residual flow within
the system are kept to the minimum possible level, and the magnitude of the reaction force
can be controlled freely without sacrificing any of the steering response rate.
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FIGURE 18.8 Steering speed-responsive-type hybrid power steering.*
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18.1.5 Electric Power Steering

Electric power steering (EPS) is a fully electric system, which reduces the amount of steering
effort by directly applying the output from an electric motor to the steering system. This sys-
tem consists of vehicle speed sensors, a steering sensor (torque, angular velocity), an elec-
tronic control unit, a drive unit, and a motor, as shown in Fig. 18.10. Signal outputs from each
sensor are input to the electronic control unit, where the necessa:y steering assistance is cal-
culated and applied by the drive unit to control the operation of the motor.

Control unit

Power unit

Recirculating
ball screw

Steering sensor

Steering wheel

FIGURE 18.10 Structure of EPS System® (rack assist-type ball screw
drive).

Because the motor output is controlled directly in this system, the setting range for the
steering effort is large, and also because it is possible to supply only the amount of power that
is necessary when the steering wheel is turned, a large reduction in power requirements can
be effectively achieved with no power losses. This means, in contrast to hydraulic systems, that

it is not necessary for the pump to keep operating continuously when the steering wheel is not
being turned.
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TABLE 18.3 Classification of Motor Drive Mechanism in EPS

STEERING CONTROL 189 |
|

Method Motor drive method Power transmission mechanism Figure
Pinion assist ~ Column shaft drive Motor—worm gear—column shaft—pinion shaft 18.11 |
Pinion shaft drive Motor—sgear train—pinion shaft 18.12 |
Rack assist ~ Another shaft pinion drive ~ Motor—splanetary gear train—another shaft inion—srack shaft
Ball screw drive Motor—ball screw—srack shaft 18.10

Column shaft

Worm and
worm wheel

Rack & pinion mechanism
FIGURE 18.11 Column shaft drive method.!

FIGURE 18.12 Pinion shaft drive method,'

Sensors. The EPS system utilizes a variety of sensors to control the motor. These sensors |
include a torque sensor, which detects the steering effort of the steering wheel; a steering il
wheel angular velocity sensor, which detects the angular velocity of the steering wheel; a bat- L |
tery sensor, which detects the battery voltage; a current sensor, which detects the motor cur- |
rent and the battery current; and a vehicle speed sensor. Of these sensors, the torque sensor |
and the steering wheel angular velocity sensor, which form the ccre of the EPS system, are
described as follows. (Also see Chap. 3.)

Torque Sensor. The pinion shaft in the rack-and-pinion steering mechanism is divided
into two sections of input shaft and pinion gear, The torque sensor comprises a torsion bar

Rack & pinion mechanism

In rack-and-pinion steering mechanisms,
the EPS system applies the motor power to !
the pinion gear shaft or to the rack shaft. Sev-
eral reduction gears are incorporated to
amplify the torque of the motor. This system
can be classified according to the drive
method as given in Table 18.3 and Figs. 18.10
to 18.12. The maximum amount of assist, the
smoothness of the steering feel, and the
degree of noise occurring during steering are,
by and large, determined by the power trans-
mission systems in this table. In general, it is
possible to obtain a greater amount of assist
from the rack assist method than from the I
pinion assist method, and the rack assist
method is optimal for vehicles in which the
front axle load is high.

Details of the respective sensors, controls,
and the results achieved thereby are given as
follows under common headings.

To steering whee!

IPR2023-01234
Petitioner - Ex. 2017 - Page 403 |




1810  CONTROL SYSTEMS

Torsion bar Tuﬁfg:.f;ﬂ Neutral Tlﬂgng
Input shaft a
i Gear frain (Angular veioci}ty :
Intertace = sensor output) =
circuit ]I OC generator Ohtpu; VOltaga (v ,ﬂ
=, WE)
!’\‘ & ?n!l; = (Torque sensor output)
) & e kyrd s
lhﬁj > Output voltags (V)
A 5.0
= 53
' Primary coil /

Differential
transformer

Angular velocity (rev/s) 4
3 / St
f : =23 eTREr25
i C o
g /" ] S2
I 2

Sider g M , 4
Wing Steering torqua (N-m)

FIGURE 18.13 Torque sensor and angular velocity sensor.® FIGURE 18.14 Diagram of torque sensor operation .’

that connects the two sections, a slider with a movable iron core, a cam mechanism that con-
verts the twist torque of both sections of the shaft into an axial direction displacement, and a
differential transformer that converts the axial direction displacement of the slider into an
electric signal,

The structure is shown in Fig. 18.13. Figure 18.14 shows examples of the detection of the mag-
nitude and direction of the slider displacement. Signal 83 is the output signal of torque and S1
and 82 are outputs for diagnosis use. The differential transformer-type torque sensor has a dual
electric structure to provide differential outputs, so that a high sensing accuracy and good tem-
perature characteristics can be obtained, and detection of failure ca1 also be made accurately.

In addition to this type of torque sensor, there are other torqus sensors that use a poten-
tiometer instead of a differential transformer, and also types in which the relative displace-
ment in the turning direction is measured in a noncontact manner using a coil, without there
being a mechanically movable part such as the slider,

Angular Velocity Sensor. The angular velocity sensor consists of a gear train, which is
located around the input shaft, and a dc generator, which is driven at an increase of speed by
this gear train, The structure is shown in Fig, 18.13. The turning direction and angular velocity
of the steering wheel are detected by the turning direction and angular velocity of this dc gen-
erator. Signal 84 indicates the output from the steering wheel angular velocity sensor.

Electronic Control Unit (ECU). The ECU consists of an interfzce circuit that coordinates
the signals from the various sensors, an A/D converter and a PWM unit that are all built into
an 8-bit one-chip microprocessor, a watchdog timer (WDT) circuit that monitors the opera-
tion of this microprocessor, and a PWM drive circuit that drives the power unit mentioned
previously. The ECU conducts a search for data according to a table lookup method based on
the signals input from each sensor and carries out a prescribed calculation using this data to
obtain the assist force,

In addition, trouble diagnosis for the sensors and the microprocessor is also carried out, When
a problem is detected, power to the motor is interrupted, an indicator lamp illuminates, and the
problem condition is memorized. Then this problem mode flashes or a display as necessary.

Power Unit. 'The power unit comprises a power MOSFET (metal oxide semiconductor field
effect transistor) bridge circuit which drives the motor in a forward or reverse direction, a
drive circuit which controls the respective power MOSFET of this power MOSFET bridge
circuit, a current sensor, and a relay which turns the motor current ON and OFF.
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The structure is shown in Fig. 18.15. The motor is driven basec on instructions from the
ECU. The current at this time is monitored by the ECU, and the power supplied to the motor
is interrupted in the event of an abnormality.

Depending on the magnitude of the current, some systems are provided with an integrated
ECU and power unit, while other systems have each section separate.

Motor Control Methods, In the equivalent
circuit of the motor, which is shown in Fig,
18.16, the relationship between the terminal

/ —Ll. voltage Vi, the impedance L, the resistance

—

R, the induced voltage constant k, the revolu-

N ‘? R Vu tion speed N, the current /, and the time 1, is
\L % expressed by the following equation:

Vu=L(dild)+R-i+k-N (181)

=R-i+k-N (182)

FIGURE 18.16 Motor equivalent circuit.” - el
RS And it is known that the current i is propor-

tional to the motor torque Ty.

As can be understood from Eq. (18.2), there are two control methods. In the motor current
control method (refer to Fig. 18.17), the target motor current Iy, which is proportional to the
motor assist torque Ty, is determined from the signal output T from the torque sensor, and
control is performed so that there is no difference between this target current value Iy and the
value detected through feedback from the current sensor Iy,

In the motor voltage control method (refer to Fig, 18.18), the motor voltage component
(Vs =R + i = ky - Ty; ky is a proportional constant) which corresponds to the motor assist
torque as calculated from the output signal T from the torque sensor, and the motor voltage
component (Vy, =k - N) which corresponds to the motor speed as calculated from the output
signal , from the steering wheel angular velocity sensor, These two voltage components are
then added and output.

Current Control Method. In this method, the target value for the motor current, which
corresponds to the motor assist torque, is set so that it is equal to the vehicle speed response
type derived from the signal of the vehicle speed sensor.
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FIGURE 18.17 Diagram of principle of motor current control ~ FIGURE 18.18 Diagram of principle of motor voltage con-

method.

trol method.?

Voltage Control Method.  In this method, both the motor torque and the motor speed can
be controlled by the output from the torque sensor and the steering wheel angular velocity
sensor. When the vehicle is traveling at low speeds, normal control is carried out, With this
control, the value for (R i+ k- N)in Eq. (18.2) is output to the motor to obtain a good motor
response rate (steering response rate) and thus provide a comfortable steering performance.
When the vehicle is traveling at high speeds, it is possible to carry out two types of control, In
the first method, return control, the value for (k - N) is made smaller so that a damping torque
which is proportional to the motor speed is generated. In the second method, damper control,
motor torque is generated in the opposite direction of motor rotation with V = 0 when the
steering wheel is released in turning,

Normal Control. This is a method of drive control for steerng with a reduced steering
effort and a good steering response rate, As is shown in Table 18.4, when the steering wheel is
turned to the right, FET (a) is ON at the same time that FET (c) is carrying out PWM drive,
and current flows to the FET bridge circuit as shown in Fig, 18.19 based on the value of V) in
Eq.(18.2). If the angular velocity of the steering wheel increases, the PWM duty also increases.

An example of the steering characteristics in an actual vehicle can be seen in Fig. 18.20. Figure
18.20a represents the assist characteristics during stationary swing, with the dotted line repre-
senting the steering characteristics when no assist force is provided. Figure 18.205 is the steering
response rate; Fig. 18.20c is the steering characteristics corresponding to the vehicle speed; and
Fig. 18.20d is the steering characteristics relative to the lateral acceleration of the vehicle.

TABLE 18.4 FET Drive During Normal Control®

Steering condition ~ FET(a)  FET(b) FET(c) FET(d)  Moltor operation

Steering to right ON OFF PWM OFF Operates in direction steering to the right
Straight ahead OFF OFF OFF OFF Stops
Steering to left OFF ON OFF PWM Operates in direction steering to the left
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Return Control. 'This method of drive control is for varying the steering wheel return
characteristics, When the driver is returning the steering wheel to the neutral position at low-
speed driving, the motor current is immediately reduced in order to make the motor operate
in the reverse direction to the torque generating directions. As a result, a good returnability of
the steering wheel should be obtained. At high-speed driving, motor current is gradually
reduced in order to suppress returnability and obtain more stable steering characteristics.

As shown in Table 18,5, when the steering wheel returns to the straightforward position
after being turned to the right, FET (a) carries out PWM-r drive based on the signals from the
steering wheel angular velocity sensor, and, at the same time, FET (c) also carries out PWM
drive based on the signals from the torque sensor,

TABLE 18.5 FET Drive During Return Control®

Steering condition FET (a) FET (b) FET (c) FET (d)
Return from right steering to straight ahead PWM-r OFF PWM OFF
Return from left steering to straight ahead OFF PWM-r OFF PWM

The results obtained by means of this return control are shown in Fig. 18.21, Figure 18.21a
represents the steering characteristics when return control is not applied, and Fig, 18215 rep-
resents the steering characteristics when return control is operating, The hysteresis is greater
and the returnability is weaker than in Fig. 18.21a.

Steering torque (N-m) Steering torque (N-m)
B ]
4 4
2 ’:7 2 e
/ ¥ g
n oW 0 0 20 %0 30 20,10 10 2 3
24 Stesring L‘A 2 +sreerin3
|, noeiden o 003 (Gog)
i
SE ] AL
(@ (b)
FIGURE 1821 Comparison of steering wheel returr char-

acteristics.®

Damper Control.  This method of drive control is for improving the convergence of the
steering wheel when the vehicle is traveling at high speeds and for eliminating wandering of
the steering wheel caused by the tire inputs,

As shown in Fig. 18.22, when the motor terminals are shorted, it is possible to generate
motor torque in the reverse direction in proportion to the speed of the motor as is shown by
the equation in Fig. 18.22, and this characteristic is utilized for control, Figure 18.23 shows the

results of the application of damper control during a convergence test carried out at a vehicle
speed of 120 kmvh.

18.1.6 Power-Saving Effectiveness

Because the EPS system is a “power-on-demand” system, which supplies only the necessary
amount of power at the necessary time, almost no power losses occur when the steering wheel
is not being turned. Because of this, the system has extremely high fuel efficiency, Table 18.6
shows the results of measurements of fuel consumption during different driving modes to
compare EPS with the hydraulic system. The LA-4 mode corresponds to urban road driving.
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18.1.7 Trends in Research and Development

The demands for faster speed, higher quality, and reduced power requirements in vehicles is
continually increasing. In order to respond to these demands, research and development is
under way on the application of electronic control systems with the aim of further improving
functions and performance. Features that are being proposed include the introduction of
fuzzy logic and the application of power steering, which responds to the driving environment
by varying the assist amount in accordance with the traffic conditions or the road surface con-
ditions in order to provide steering feel to fit the sensitivities of hurnan operators. The most
important of these is probably active reaction power steering, which provides feedback to the
driver regarding the behavior of the vehicle in the form of steering reaction force. Such a sys-
tem provides the driver with information regarding the operating conditions of the vehicle,
for instance, the yaw velocity and/or lateral acceleration, as steering reaction forces. Not only
would it improve the relationship between the driver and the vehicle to make it possible to
achieve a steering feel that better suits the sensitivities of the driver, but a function that auto-
matically compensates for irregularities in vehicle behavior caused by disturbances could also
be expected.

Figure 18.24 is a system control block diagram in which the yaw rate is fed back as a steer-
ing reaction force.

Figure 18.25 shows an example of the effect of suppressing irregularities in vehicle behav-
ior caused by side disturbances by comparing the amount of lateral removal when braking on
a rut of road surface with the case for conventional power steering.

18.2 FOUR-WHEEL STEERING SYSTEMS (4WS)

For vehicles with extremely long wheel bases and vehicles which need to be operated in nar-
row places, the concept of a four-wheel steering system is attractive. In such systems, the rear
wheels are turned in the opposite direction to the steering direction of the front wheels in

TABLE 18.6 Measurement Results on Mode Fuel Consumption®

Tmprovemen in fuel consumption

Hydraulic power Fuel consumption
Mode EPS (mpg) steering (mpg) difference (mpg) Improved rate (%)
LA-4 20.51 20.01 0.80 2.50
Highway 28.88 28.18 114 2.52
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FIGURE 18.25 Effect of active reaction power steering,

order to make the turning radius as small as possible and to imprcve the handling ability. Such
4WS systems have been under development for some time. However, the concept of the sys-
tem being used in passenger vehicles for the purpose of improving vehicle stability and steer-
ing response at medium to high speeds is relatively new.

A 4WS system for passenger cars has the following two aims:

* Reducing the turning motion (yawing) of the vehicle by steering the rear wheels in the same
direction as the front wheels, thus improving the vehicle stability at high speeds
» Improving the steering response at medium speeds, while at the same time reducing the

turning circle radius at low speed, by steering the rear wheels in the opposite direction to
the front wheels
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b, 18.2.1 Basic Principles of 4WS

Shortening the Minimum Turning Radius.
As shown in Fig. 18,26, provided the origin
point of the coordinate is set at the center of
the rear tread, the coordinates of the turning
center of the vehicle P(Xj, ;)" when the rear
wheels are turned in the opposite direction
from the front wheels are given in the follow-
ing equations:

x=1/(tan &+ tan §,) (183)

yo=1(1-tan &,) / (tan &+ tan§,) (184)

And, if the turning radius for the front outer
wheel is R and the difference between the turn-
ing radius of the front and rear outer wheels is
AR, then:

FIGURE 1826 Half vehicle model of 4WS.!

- b 2 b 1 2 Oy tan§, )1
=BP= | XL BN N | [ 2 L 185
g \/(2 +Xn) (=) \/( 2 p tan 6f+tan5,) +l\ tan §; + tan 8, (183)

AR=AP-CP
2 2.
= \/(—%’-JrXu) +(-y)t - \/(—%+Xu) + )4
=\/(_§J:+ L T“f( l'tanﬁf )2
2 tan§+tand, tan &;+ tan §,

_ -t . t-tand,
\/( 2 +t31]5;+tana,)+(Ian5!+tan5r) (186)

In these equations, §;is the front wheel steering angle (average of left and right wheels), 5,
18 the rear wheel steering angle (average of left and right wheels), b is the tread of the front
wheels, b, is the tread of the rear wheels, and 1 is the wheelbase.

L

=PQ= 187
A=ie sindy + cosdy + tand; (187)
AR=PQ - PO (188)
5 L
sind; + cosd; + tand;
R L
sind; + cosd; + tand;
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It can be seen from Eq. (18.7) that when the rear wheels steer in the opposite direction as
the front wheels, the turning radius becomes smaller than when the rear wheels are not
steered (8, =0). In addition, it can be seen from Eq. (18.8) that when the steering amount for
the front and rear wheels is the same (8;=9,), then it becomes possible to obtain a difference
of 0 between the turning radius of the front and rear wheels

Improvement in Stability and Maneuverability When Driving at Medium to High Speeds.
The steering characteristics in yaw velocity and lateral acceleration of the vehicle with 4WSin
which the rear wheels are steered in proportion to the front wheels steering angle in the same
direction, are shown in Table 18.7, along with that for a vehicle yaw 2WS system. However, the
half-car vehicle model shown in Fig. 18,26 is used as the vehicle model.

From Table 18.7,in a system in which the rear wheels are turned in the same direction as
the front wheels, the stability factor K; the damping ratio £, and th natural oscillation of yaw-
ing o are not different from the values for conventional vehicles with 2WS, so that the intrin-
sic stability of the vehicle will not vary. On the other hand, because the lateral acceleration
response delay will become smaller as the coefficients of numerators s and 5 increase and the
steady state gain in the yaw velocity will drop by the proportion to (1 - k), the yawing move-
ment which accompanies the lateral movement of the vehicle will become less and the stabil-
ity within the range of practical use will be improved. If, however, the rear wheels are steered
in the opposite direction to the front wheels, k < () and so 1 - k> 1 This means that the steady
state gain of the yaw velocity will increase, with the result that the steering response will be
improved. The symbols used in Table 18.7 and Fig. 18.27 are explained in Table 18.8.

Fixed on vehicla Fixed on road
bl

o f-{ﬁ-!- A%

FIGURE 1827 Coordinales fixed on road and yehicle in half ve ticle model.!

18.2.2 Classification of 4WS

Four-wheel steering systems that are currently being implemented in vehicles are classified
according to their functions and mechanisms, The aims and characteristics of each system are
briefly explained in Tables 18.9 and 18.10. Because the fully mechanically controlled system
shown in Table 18.10 has a low degree of control freedom, there is less tendency for it to be
used. Regardless of its low cost, however, this system provides every basic function of 4WS; so
that there is a possibility that it may be used in the future, primarily in smaller vehicles,
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TABLE 18,7
Symbol Name
K Stability factor (s*/m?)
A Steady state gain in yaw velocity (118)
BB, Steady state gain vehicle side slip angle for front and rear (s)
T, T, Time constant for front/rear yaw velocity (s)
T Time constant for front/rear side slip angle (s)
©, o, : Response frequency (rad’s)
f@,/2r) : Natural frequency (Hz)
C - Oy C 0y, ; (1‘[' S)
{- w, x V: Steering capacity (m/s?)
L : Damping rate
Vehicle with 4WS in which the rear steering
Vehicle with 2WS angle is proportional to front
- m(LK, - K, _
Stability factor KK, =K K
Steady state gain in SR NN el
yaw velocity 1+KV? | 14KV |
2
Dkl 1 (gt KL+ (Kl + K im _ ¢ ¢
2 Vml K K21+ KV?)
A [KKA+KV _
Response frequency Vv T a, 0,
2 1
Steering capacity i( S e LA Lo, ¢ o,
Vi m I,
1 1+ T;s 1-k L+(1+A)Ts
T —Go(0) gc ;.
. 14+ =25+ —=¢ ¢ 4 =254+
’ n mﬂ mﬂ mﬂ
. 2 A O, <
u Go0)= v =TT
ok Tyl
W-1f" %
1 1+T¢},1§'+ 1.5'2 (= 1+(| +a-nﬂ) 1$+(1+l,,,1)Tmsz
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TABLE 18.8'
Symbol Dimension Nime
m kg Mass of the vehicle
L kg - m? Moment of the inertia of vehicle
l m Wheel base
Il m Distance between center of gravity and front/rear wheel shaft
v m/s Vehicle speed V="Vv} + v}
Vi ¥y m/s Longitudinal and lateral velocity of the center of gravity
a,a, m/s’ Longitudinal and lateral acceleration of the center of gravity
W, 0 rad Yaw angle, roll angle
W0 rad/s Yaw velocity roll rate
i rad Side slip angle of the center of gravity
&y, O, rad Front/rear wheel steering angle
o, O, rad Front/rear side slip angle
K, K, Nirad Equivalent cornering power cf front/rear
3y rad Steering wheel angle
I I Steering ratio in over all
TABLE 18.9'
Classification by functions Aims

Small range of rear steer angle only controlled
electronically

Not only small range in medium to high speed
but large range in low speed of rear steering

Improvement of steering response and vehicle
stability in medium to high speed

[n addition to the above, making the minimum
turning radius small

angle are controlled electronically

TABLE 18.10'

Classification by mechanism Feature

Full mechanical system
Electronic-hydraulic system High degree for control freedom (compact actuator)
Electronic-mechanical-hydraulic system High degree of freeclom (mechanism is not simple)
Full electric system (electronic-electric system)  High degree of control freedom simple mechanism

Simple mechanism

18.2.3 Introduction to Each System

Fully Mechanical System. This was the first 4WS system used in passenger vehicles. It was
adopted in the Honda Prelude in 1987 and in the Honda Accord in 1989. This system is a
front-wheel steering angle responsive-type system in which the rear-wheel steering angle is
determined wholly by the steering angle of the front wheels. The: structure and fabrication of
this system are shown in Figs. 18.28 and 18.29.

In rack-and-pinion type steering gearboxes for the front wheels, a rear-wheel steering pin-
ion is provided in order to transmit the steering angle of the front wheels to the rear wheels.
The displacement in the steering angle is transmitted to the rear steering gearbox via the cen-
ter steering shaft. As shown in the figure, the rear steering gearbox consists of a combination
of an eccentric shaft and a planetary gear. The input and output characteristics that can be
obtained are shown in Fig. 18.30. The result of this is that when the steering angle for the front
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wheels is small, the rear wheels turn in the
same direction, but when the steering angle
for the front wheels is large, the rear wheels
turn in the opposite direction, as shown in
Fig. 18.31. During high-speed driving, since
the front wheels are only turned by very
small amounts, the rear wheels thus turn in
the same direction, and driving stability is
improved. At extremely low speeds where
the front wheels are steered through much
larger angles, the rear wheels turn in the
opposite direction and the turning radius
becomes small, thus, the working ability
should be improved.

Electronic-Hydraulic Control System

Vehicle Speed/Lateral Acceleration Re-
sponsive Type. This system was installed in
vehicles like the 1986 Nissan Skyline. The
structure of the system and the construction
of the rear gearbox are shown in Figs. 18.32
and 18.33, respectively. In this system, a spe-
cial hydraulic valve, which generates hydraulic
pressure balanced with the reaction force
from the front wheels in proportion to the
lateral acceleration, is provided in the front-
wheel power steering system, and this hy-
draulic pressure is transmitted to the actuator
for the rear wheels. The rear-wheel actuator

contains a high spring rate spring which allows displacement of the output rod to the position
that balances the hydraulic pressure received. The rear wheels are steered in the same direction
as the front wheels by means of the displacement of this rod. Accordingly, the relationship
between the vehicle speed and the steering angle of the rear wheels varies in accordance with

Front whes!

Control valve

rg ~\
Eﬁi Conlrol unit

!
Solenoid valve

=l — Vehicle
spead signal

FIGURE 1832 Lateral acceleration-responsive 4WS.'
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FIGURE 1834 Characteristics of rear steering angle.!

the lateral acceleration as shown in Fig, 18.34, In this system, the maximum steering angle of
the rear wheels is confined to a fairly low value, so that it is not intended to be a system for
improving the minimum turning radius of the vehicle at very low speeds

Vehicle Speed|Front-Wheel Steering Angle/Steering Wheel Velocity Responsive Type.  This
system was installed in vehicles such as the 1988 Nissan Sylvia, and wias developed for the put-
pose of further improvement of vehicle stability and maneuverability during medium- to
high-speed driving, The structure of the system and the construction of the rear-wheel actua-
tor (solenoid servo valve) are shown in Figs. 18.35 and 18.36, respectively. In this system, the
working fluid discharged from the hydraulic pump is directly introduced to the solenoid servo
valve and controlled by instructions from an ECU (electronic control unit), after which it is
sent to the power cylinder,

The ECU detects the front-wheel turning angle and the steering speed of the steering
wheel by means of signals from the steering wheel angle sensor located in the steering wheel.
The values thus calculated and the vehicle speed are used to determine the steering angle for
the rear wheels. The maximum steering angle of the rear wheels is confined to a fairly low
value in this system also, so that it was intended only to be a system for improving the vehicle
stability and maneuverability at medium to high speeds. However, it does not improve only
the stability by turning the rear wheels in the same direction, but also improves the maneu-
verability by momentarily turning the rear wheels in the opposite direction to the front
wheels when the steering wheel is turned quickly at medium vehicle speeds. That is, the initial
yawing movement (yaw velocity) of the vehicle is improved and steering response is thus
improved. Figure 18.37 shows the steering angle pattern of the rear wheels with time
expressed along the horizontal axis.
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Electronic-Hydraulic-Mechanical Systems

Vehicle Speed/Front-Wheel Steering Angle Responsive Type, This system was introduced
in the 1987 Mazda Capella, and was designed with the aim of being a system for improying
both stability when driving at high speeds, like the fully mechanical system, and vehicle mini-
mum turning radius at low speeds. The structure of the system and the construction of the rear
actuator are shown in Figs, 18.38 and 18.39, respectively. This systera can be broadly divided
into the power assist section and the phase control section, The powver assist section consists
of a linear spool valve and a power piston, and utilizes hydraulic pressure as the dynamic
force. The phase control section comprises a bevel gear which engages with the input shaft, a
control yoke, and a control rod which is connected to a valve, The angle of the control yoke is
driven by a stepping motor via a worm gear, thus controlling the turning direction of the rear
wheels so that the rear wheels can be turned, not only in the same direction, but also in the
opposite direction as the front wheels.

Rear steering shaft

Steering wheel

s

Vehicle
sensor (No. 2)

- -

4WS control actuator
Hydraulic pump

Front power steering Vghicle speed sensor (No. 1)
FIGURE 18.38  Front steering angle and vehicle speed-responsive 4WS§ !

Powar piston
Centering spring Pawer rod

Right chamber
Left chamber Sleeve
[6) \\ / /& /

1T \“ Valve cenlering spring
Spool valve
Control valve input rod
FIGURE 18,39 Rear steering actuator."
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In Fig. 18.40, a represents the situation in which the rear wheels are turned in the same
direction, and b represents the situation in which the rear wheels are in the opposite direction.
The direction of movement of the valve spool in relation to the furning direction of the input
shaft is opposite for @ and b as shown, Figure 18.41 shows the situation in which the ratio of
the steering angle of the rear wheels with respect to the steering angle of the front wheels is
continuously changing with respect to the vehicle speed.

Right chamber  Left chamber

Opposite direction /er e ¢ 4
e o H
Negative ; (;{\ ' $
i Z\ 5 Zﬁ._: ....... . ‘I
L
Positive fs}f?)-:'—i-v % Zi
a &Ifj Right direct steer

Control yoke

| S

N

Qb
T

Le't direction steer

LY
T

Same direction

(b)

FIGURE 1840 Explanation diagram of rear actuator,"

3Bkm/h  — Venicis

FIGURE 1841 Characteristics of front steering angle and
vehicle speed-responsive 4WS!

Vehicle Speed|Front-Wheel Steering Angle/Yaw Velocity Responsive Type. This system
was introduced in the 1992 Toyota Soarer, Figures 18.42 and 18.43 show the system structure
and the construction of the rear-wheel steering actuator, respectively. The system consists of
two sections: a mechanical-hydraulic type steering mechanism to steer the rear wheels by a
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FIGURE 1843 Rear steering actuator unit."”

considerably large steering angle in the opposite direction to the front wheels in order to
make the turning radius small at low speeds, and an electronic-hydraulic type steering mecha-
nism to steer the rear wheels by a considerably smaller value in order to not only improve the
steering response and the stability during middle- to high-speed driving, but also to suppress
the unexpected movements due to the outside disturbances.

Mechanical-Hydraulic Type Steering Mechanism. This mechanism consists of steering
angle transmission cables, which transmit information concerning the steering angle of the
front wheels to the rear-wheel steering actuator; a joint to connect the front and rear cables; a
pulley assembly, which converts the displacement of the front-wheel steering rack into cable
movement; a cam, which converts the movement of the cable into displacement of the sleeve
valve inside the rear-wheel steering actuator; and a copy valve, which steers the rear wheels as
far as the instruction given by the sleeve valve and maintains them ia position. Furthermore,
a dead zone is provided in the pulley assembly so that the rear wheels are not steered in the
opposite direction to the front wheels when the vehicle is traveling at high speed,

Electronic-Hydraulic Type Steering Mechanism. This mechanism is designed to improve
the steering response and the stability of the vehicle and to suppress the unexpected move-
ments from outside disturbances when the vehicle is traveling at medium to high speeds. For
this purpose, the system consists of five types of sensors for detecting the driving conditions
and the steering situations, an ECU which determines the steering angle for the rear wheels
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based on the signals from these sensors, a pulse motor which drives the gear mechanism based
on instructions from the ECU, a gear mechanism which converts the rotation of the pulse
motor into a spool valve displacement, and a hydraulic copy valve which steers the rear
wheels as far as the instruction given by the sleeve valve and maintains them in that position.

Control Method. 'The basic algorithm to determine the steering angle for the rear wheels
is given in Fig. 18.44. When driving in the medium- to high-speed range, the front-wheel steer-
ing angle proportional gain for the rear wheels is set to 0; instead of that, the yaw velocity pro-
portional gain in the direction which suppresses the yaw rate is set. Accordingly, in the
medium- to high-speed range, the rear wheels are turned in the same direction as front
wheels, with the same effect as that of the other system mentioned before. The feature of this
system is that a yaw rate sensor is provided to detect the vehicle dynamics and utilizes its sig-
nal as a control parameter. The effect of this is the addition of a function which automatically
compensates the confusion in vehicle behavior caused by outside disturbance.

r=k, (V) - rtk (0 V) Kk (V) wy k ,: Proportional gain lo front steering angle
k,: Propartional gain fo steering speed
k.: Propartional gain to yaw velocity

Steering ang'e
sensor
b, # - Rear steering angle
o) f; ¢ Front steering angle
4 K (V) #; : Steering speed of ront
il 3, X i ¥ : Vehicle speed
Y ’ v - y: Yaw vefocity
v
] & Vehicle
[ +
Vehicls speed Ky (8, V) C
Sensof = «x vy +
1 T m
&1
L.l Yaw ratio iy £
sensor Tr
Ks (V)
L' 5 LL
V

FIGURE 1844 Control block diagram."

18.2.4 Electronic-Electric Control Systems

Vehicle Speed|Front-Wheel Steering Angle/Steering Speed Responsive Type. This system
was introduced in the 1991 Honda Prelude. The system structure is shown in Fig. 18.45, and
the construction of the rear-wheel actuator is shown in Fig, 18.46. This system has a structure
whereby the rotation of an electric motor that is controlled by the ECU is converted into lin-
ear motion by means of a ball screw to directly drive the rear wheels, The system is easy to
wnstall. Cross sections of the structures of the front-wheel steering angle sensor and the rear-
wheel steering angle sensor are shown in Figs. 18.47 and Fig. 18.48, respectively.

Also in this system, the turning of the rear wheels is determined by the vehicle speed, the
front steering angle, and the steering wheel velocity. The determining algorithm is similar to the
system mentioned previously. In this system, improvements in the stability at high speeds,
improvement in the steering response when the steering wheel is turned quickly, and improve-
ment in the turning radius of the vehicle at low speeds have been realized simultaneously.

The most recent example of an electronic-electric system is the system' that has been
installed in the 1993 Nissan Laurel. The approach to control in this system is the same as in the
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FIGURE 1847 Main steering angle sensor, FIGURE 18.48 Rear steering angle sensor (main),

vehicle speed/front-wheel steering angle/steering wheel velocity responsive type system men-
tioned before, but by using an electric actuator, the space taker: up by the system has been
reduced and ease of installation improved.

Figure 18.49 shows the system structure, and Fig. 18.50 shows the steering angle generation
modes for the rear wheels.

Frant whesl Rear wheel

Steering angle Otl?lo
SENSOr
L Rear sleering
Motar angle sensor (Sub)
Rear sle;aring

angle sensor (Main)

Moving
direction

FIGURE 1849  System construction of HICAS, "

18.25 Trends in Research and Development

Four-wheel steering systems that have been installed in current vehicles mainly adopt the pro-
gram control technique in which the rear-wheel steering angle is programmably determined
based on the beforehand scheduling relationship with the vehicle speed, the front steering
angle, and steering wheel velocity. The aim of the system is the improvement of the insuffi-
cient performances in handling characteristics of the vehicle under special steering situations.

Recently, however, the system based on the new concept is being earnestly researched in
order to drastically improve the handling characteristics in any region for practical use, Such
technology is similar to that of CCV (control configured vehicle), which is used in airplanes,
and named as active control technology in general. In this section, a basic introduction to the
following two representative concepts concerning the active four-wheel steering system (A-
4WS), which adopts the active control technology in the 4WS systems, will be given.
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FIGURE 18.50 Rear steering angle generation mode.”

Vehicle’s Slip Angle Control System. ~Generally, the moving direction of the center of gravity
of the vehicle is not the same as the heading direction of the vehicle while the vehicle is turning,
and the angle between these two directions is called the side slip angle of the vehicle. When the
side slip angle of the vehicle is large, the driver is forced to drive with an oblique line of vision.
This can be considered one cause of increased driving difficulties. From this point of view, the
control concept has been proposed whereby the side slip angle of the vehicle while driving is
always kept close to 0. In addition, the cause of the increasing of phase delay in lateral acceler-
ation according to the vehicle speed is that the steady state gain in the sideslip angle is reduced
together with the vehicle speed and becomes negative at high speed. [n order to eliminate such
phenomena, the concept which keeps the sideslip angle close to 0 may also be desirable.
The sideslip angle B can be expressed in general by the following equation:

[BAL+1-5)8+B(1+1-5)3)

(18.9)

Uylk,~Lmv?

1
B= POL(s)
B Uk, — [;my?
T uky
s
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k=g
K, '
shjet
Jr‘{r JIIr r_ //——
O m vehicle spes V
m!;
™
I
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FIGURE 1851 Steering angle ratio for making the
vehicle sideslip angle equal to 0.

A, B,

iV

Provided the numerator s in Eq. (18.9) =
0, the steering angle ratio between the front
and rear wheels thal is required for realizing
asideslip angle of 0 can be obtained from Eq.
(18.10) as a function of the vehicle speed.
This is shown graphically in Fig. 18.51,

0 B= B vy,
—=— 18.1
g s+ B 1S (1840)

A+ (2 )V = (LKLY - 5
oy (Lnka)VE - (LRKA)V - 5

If the front- and rear-wheel control princi-
ple that includes the phase proceeding func-
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FIGURE 1852 Affections in steering response characteristics by using the de-
lay/advanced control means,'

tion for the front-wheel steering angle is employed, the vehicle characteristics can be set more
freely. An example of the simulation analysis when the front and rear wheels are steered with
a control principle such as the above is shown in Fig. 18.52.

Model Following Control System. In this system, the desirable vehicle behavior in accor-
dance with the driver’s steering operations is predetermined as a reference model, and the
control is carried out so that the actual vehicle behavior fits this model, Generally, the lateral
acceleration and the yaw velocity are used as the parameters for expressing the lateral move-
ment of the vehicle. If the independent models are set for both of these characteristics, and
make the actual vehicle behavior follow them, it is necessary to actively control both of the
front and rear wheels. Research into systems such as this is currently being carried out, but in
this section, a system for controlling the steering angle of the rear wheels that uses a range

model for D* which is defined by the linear combined Eq. (18.11) for the yaw velocity and the
lateral acceleration will be introduced.

D*=da,+(1-d)Vo (18.11)
If the weighted constant d in Eq. (18.11) equals 0, this control system becomes a yaw veloc-

ity model following control system, and if d = 1, then it is a lateral acceleration following con-
trol system.
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GLOSSARY

Convergence Yaw stability of the vehicle when driver inputs a rapid steering wheel move-
ment and releases the steering wheel.

Kickback Steering torque and angle arising from inverse input through the tires from
uneven concrete road or other surface.
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CHAPTER 19

LIGHTING, WIPERS, AIR
CONDITIONING/HEATING

Richard Valentine
Motorola Inc,

19.1 LIGHTING CONTROLS

Controlling lamps with power electronics offers many advantages and a few disadvantages
over conventional switches or relays. An important advantage includes easier diagnostics
compared to the classical mechanical switch or relay approach, while a significant disadvan-
tage includes the higher cost of the electronics. Because some lights, such as headlamps, turn
signals, and brake lamps are safety related, a method to test the integrity of these lamps is an
advantageous feature, The power electronic design can not only turn lights on or off, but it can
vary the light’s intensity and detect abnormal conditions such as open or shorted lamps, The
cost tradeoff issue becomes more interesting when the power electronics load control is con-
nected onto a data bus or multiplexed network (see Chap. 26).

The typical automotive lamp can range from small-wattage panel lamps to large 60-W or
higher headlamps (refer to SAE ref HS-34/93 for auto lamp standards). Tungsten and halogen
types prevail for many vehicular lamp designs. The prime difference between standard tung-
sten nonhalogen and halogen Jamps is in light efficiency. Halogen types produce about 20 per-
cent more light for each watt of energy consumed. Other types of lamps, such as light-emitting
diodes (LEDs), fluorescents, or gas discharge, are somewhat adaptable for vehicular applica-
tions. The power electronics operating requirements vary for each lamp technology category.

19.1.1 Incandescent/Halogen

The single most important rule when switching normal incandescent lamps is to select a
power transistor that can sustain a 10 to 15 times inrush current level. For example, a 2-A-
rated stop lamp requires a 20- to 30-A-rated power transistor for an electronic switch design.
When designing a lamp-driven circuit, other considerations besides inrush currents must be
taken into account: maximum power transistor operating temperatures, shorted load protec-
tion, voltage supply transients, reverse voltage supply condition, open load detection, high or
low side design topology, MCU interface, switching edge speed limits, and variable brightness
control. In addition, the electronic lamp switch should not drop more than 0.3 V to ensure that
the lamp’s intensity is not degraded. Incandescent lamp light output is very sensitive to the
lamp’s operating voltage. A 20 percent drop in an incandescent lamp’s nominal operating
voltage can reduce its light output by 50 percent,
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Inrush Current Effects. Lamp loads behave like high positive te nperature coefficient resistors
When the lamp is cold, the resistance value of its filament is about 1/10 of its normal operating
resistance. Lab tests show a definite relationship between the lamp's peak inrush current level
and light output intensity with respect to time. If the lamp current is limited to its nominal value,
it takes longer—one-half second or more—for the filament to reach its nominal temperature, but
if the current supply is unlimited, the lamp heats up very quickly. The Jamp response time and the
available supply current must be considered for applications when an instantaneous light output
is desired, such as with turn signals or brake lights in a vehicle. A 1-s delay at 89 km/h (55m/h)
equals 24.6m (81 ft). Four seconds of time is about how long some vehicles take to stop at a vehi-
cle speed of 89 knv/h. If the driver has exerted maximum braking, and his stop lamp waits for 1 s
to convey this action to trailing vehicles, the driver will almost be halfway stopped before the
trailing vehicle has a stop light indication. This is not acceptable, and the delay time in stop or pos-
sibly in turn signal indicators must be minimized to benefit the reaction time for other drivers

Limiting the lamp’s inrush current will probably increase the lamp’s longevity in high duty
cycle applications, such as a flasher, because the mechanical stress on the filament is reduced,
A limited inrush current design should decrease the chances of the lamp failing during the ini-
tial turn on. In vehicular applications when external induced filament vibration is high, the
lamp reliability may not be improved enough to justify a current limiting design. A current
limiting design does increase the power transistor’s peak heat dissipation, and when operat-
ing with an energy source that is capable of supplying high peak currents, such as an automo-
tive battery, the rationale to include current limiting would be to use a smaller, less expensive
transistor or to minimize voltage sags in the wire bus when several lamps are switched on at
the same time. A current limiting design may include a network 10 control the switching tran-
sition times from OFF to ON to OFF.

Setting the switching times to over 0.001 s would help minimize EMI effects, Most power
transistors can switch in less than 1 ps, with some power FETS able to switch in 50 ns. These

RF switching speeds are undesirable and will be detectable by other electronic systems in the
vehicle, such as the AM radio.

Lamp Driver Design. The power electronics can drive the lamp in one of two simple ways
One is low side switching (Fig. 19.1) with the lamp connected between the power supply and
the transistor, or high side switching (Fig. 19.2) with the lamp connected between the transistor
and common. The main drawback to low side switching is that one side of the lamp is always
connected directly to the battery supply, and if this lead is shorted to common, very high cur-
rents will occur. A high side switch disconnects the power supply from the load, so if the switch
is off, the chances of an accidental power supply short when replacing or troubleshooting the
lamp are minimal. On the other hand, in the high side switch desiga, a switch ON condition will
cause very high current levels to flow through the power transistor in the event of a short. The
selection between high or low side switching is affected by the lamp’s environment,

In a low side design, leakage currents that may flow from the lamp’s socket or connectors
can be a concern. This is especially true if the lamp is operated in a salt-laden, high-moisture
atmosphere. This problem occurs because of the constant voltage potential at the socket and
is one reason why most exterior vehicular lighting systems use high side switching, Other
applications, such as instrument backlighting or signal indicators that are usually located
inside the vehicle, can be a low side design to take advantage of lower-cost NPN transistors or
N-channel power FETs. N-channel power FETs can be used for h:gh side switching by adding
a charge pump as shown in Fig, 19.2a. Special power linear devices are also available that
incorporate a charge pump for high side switching of small lamps, These power linear [C
devices (MC3399, MC33091, or equivalent) will find more usage as their pricing and reliabil-
ity become more attractive for automotive application.

Power Control Device Selection. 'When the drive topology has been decided Uupon, a power
device can be chosen. There are numerous tradeoffs between bipclar and power FET transis-
tors. The N-channel power FET device requires minimal drive power for a low side switch and
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The NPN transistor runs in full saturation
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FIGURE 19.2 High side switching,

is cost-competitive with similar rated bipolars. Low side switching can easily use N-power
FETs, whereas a high side switch would need more expensive P power FETs, Power FET tran-
sistors will usually be able to conduct the high peak inrush currents much more readily than
bipolar transistors, This is because power FETs have higher transconductance than bipolars.
Bipolars are usually biased for operation at the lamp’s average load current and will therefore
operate in a linear mode during the lamp’s initial turn on, thereby offering some current-lim-
iting at the expense of increased peak junction temperature. The power FET will usually con-
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FIGURE 19.2¢ N FET high side design.

duct many times its average current without going into a linear mode, provided the overcur-
rent condition time period is fairly short, less than 100 ms.

Lamp driver long-term reliability is determined mainly by the power transistor’s heat dis-
sipation and somewhat by the solder joint totals. Selecting P-power FET devices for the high
side configuration because of the low number of parts, ease of drive interface, and low power
dissipation appears best, but P-channel FET devices are usually 50 percent more costly. The
N-channel devices win both for cost and reliability in a low side switch design. Table 19.1 sum-
marizes the various lamp driver designs.

Short-Circuit Protection.  Another consideration is shorted circuits, The bipolar transistor is
typically biased for minimum base drive power loss. During a shorted load condition, the
bipolar will pull out of saturation, enter into a linear operation mode, and may fail due to
excessive junction temperatures, ordinarily before a fuse will blow. A properly sized power
FET may be able to safely conduct enough shorted load current to blow the fusing element.
Power FET devices of 50 V are available that exhibit less than 0.0". ohm forward ON resis-
tance in a fingernail-sized surface-mount package such asa MTB7SNOSHD or the equivalent,
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TABLE 19.1 Lamp Switch Design Comparison

Driver ~ Qutput Pwr. Relative Parts Solder
Device stage device eff. system count joints* Relative
type lossW  lossW  infout,% cost total,pss  total,pts  reliability
High side switch configurations for 2.1-A lamp load
NPN 0.2 27 89 high 9 25 low
PNP 131 0.8 92 medium ] 18 medium
Darlington PNP 0.03 27 89 high 5 13 low
P-channel MOSFET 0.01 0.9 96 high 7 19 medium
N-channel MOSFET 0.05 0.7 97 highest 19 54 low
Low side switch configurations for 2.1-A lamp load
NPN 132 0.8 91 medium 9 23 medium
PNP 0.13 3 88 high 5 15 low
NPN Darlington 0.08 27 90 high 8 23 low
NPN Darlington w/Zener  0.0004 27 90 low 3 10 medium
N-channel MOSFET 0.0002 0.7 97 low 3 10 high

Power supply voltage =12V

This type of device could safely conduct 14 A continuously (assuming a 50 °C ambient tem-
perature and 2 W constant power dissipation, [I= (P/R)"].

Another way of protecting a transistor against excessive current levels is to monitor the
current value by the insertion of a low-value power resistor in series with the load. A com-
parator is used to detect the current sense resistor’s voltage drop and will toggle if this volt-
age drop exceeds the comparator’s reference voltage, The comparator output is tied to an R-S
flip-flop logic network that latches off the input signal, Some power FET devices are now
manufactured with an internal current mirror element and eliminate the need for an external
large power resistor. A basic circuit is shown in Fig. 19.3 for an internal current-sensing power

+12 Volt
Supply

Kelvin

Voltage Aeferance
for Current Sense
Detector; = 38mV per A

FIGURE 193 Internal current-sensing FET lamp drive,
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FET lamp driver, This circuit uses an RS flip-flop that will shut off the gate voltage. When the
RS flip-flop has been toggled by the comparator, the RS input (set line) has to be retoggled to
turn on the current-sensing power FET again. When an overcurrent condition occurs, the cur-
rent-sensing power FET is latched off until the input is retoggled.

The transistor’s voltage rating will be determined by the maximum voltage transients on
the power supply line. In vehicular battery-charging systems, the normal 12-V supply can
reach over 85 V due to intermittent battery connections when the alternator is operating, If
the transistor is not avalanche-rated and enters a second breakdown due to excessive power
supply voltages, it will fail shorted. Higher-voltage systems require much higher-voltage-rated
devices.

MCU-based Lamp Driver. The current-sensing power FET can be directly interfaced to a
single-chip microcomputer. The use of a single-chip microcomputer can allow the switch con-
trol circuit to perform many tasks: open load detection, shorted load protection, variable
intensity, and diagnostics. The MCU concept is especially attractive when several lamps are
clustered together and driven from the same module. Figure 19.4 shows the use of a single-
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FIGURE 194 MCU lamp control.
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chip MCU for controlling four lamp filaments. Many more lamps could easily be added to this
design. Low side switching is used to accommodate the use of logic level N-channel current-
sensing power FETs, The MCU’s program is set to sustain a shorted load condition for less
than 50 ms; this allows a cold lamp turn-on condition to be tolerated. If a shorted load occurs
after the initial turn on, the program can shut off the load in less than 1 ms, wait for 1 5, and
then try to renenergize the lamp. A diagnostic fault lamp is energized to alert the user that a
fault has occurred. An open load can be detected when the lamp is energized by having the
program monitor the A/D inputs for a zero value. An 8-bit A/D corverter will resolve to about
(.02 V when referenced from a 5-V supply. Therefore, a normal load current of 2 A will gen-
erate about a 0.084-V level, which will be read as a 04-hex number by the program. A value of
00 to 01 H would be considered an open, and a value of greater than 06 H would constitute a
shorted load. A distinction could be made in the lamp failure indicator between an open and
shorted load by turning the failure indicator full on for an open, and then flashing it at a 1-Hz
rate for a shorted condition, The failure indicators are 3-W lamps for bright visibility, such as
is required in vehicular dashboards. High-efficiency LEDs could be used when the 3-W lamp’s
brilhance is not required, and the LEDs may be directly driven from the MCUs output ports
when connected in a low side switch configuration,

Variable light intensity can be obtained by programming a 100-Hz frequency with 0 to 100
percent pulse-width modulation. The 8-bit MCU can vary the pulse width by 256 steps, which
would appear as an infinite intensity control to the human observer, One difficulty with PWM
is when its duty cycle is producing very narrow pulses, such as at 1 percent or 99 percent. These
narrow pulses may not allow the power stage to completely switca on or off. One method to
minimize narrow PWM pulses is to force the PWM to jump from 0 percent to about § percent,
and from 95 to 100 percent. This can easily be accomplished in the software design.

An external communication link can be established via the MCU’s serial data port. This
would allow the light control functions to be remotely accessible by another computer.

In summary, standard discrete power FET or bipolar transistors can effectively control
incandescent lamp loads, Power FETs are preferred because of their low drive power require-
ment and high transconductance. The addition of an MCU enables the lamp control design to
include many desirable features, such as shorted load protection, and minimizes the need for
more advanced lamp driver semiconductors such as smartpower cr power IC devices. MCUs
are available with a built-in MUX port to communicate with other load control modules for
remote operation of several lamps or other loads.

19.1.2 Fluorescent Lamps

A fluorescent lamp is commonly defined as a light source that produces light by the interaction
of an arc with the gas mixture inside a glass vacuum tube. When this gas mixture is ionized by
means of a high-voltage pulse from the tube’s end terminals, its internal resistance decreases
from megohms to several hundreds of ohms, Fluorescent lamps are typically 2 to 3 times more
power efficient than standard incandescent lamps. The automotive lamp applications for fluo-
rescents may include inside lighting, instrument back panel lighting, and other areas where an
unfocused and discontinuous light spectrum, but highly efficient light source, can be utilized.
The main drawback to fluorescent lamps is that they require a fairly high voltage to initiate the
arc and a means to limit the lamp current once the arc is established. In other words, the fluo-
rescent design will cost much more than a similar incandescent-sized light. This is an important
consideration when operating the fluorescent lamp from a 12-V supply.

A 12-V powered fluorescent driver design requires an 8- to 16-V input to about 300-V out-
put convertor with current limiting. These types of circuits usually operate at high frequencies
(20 to 100 kHz) to minimize the size of passive components, such s transformers and capaci-
tors, and to minimize audible noise. This type of circuit can generate significant EMI and RF[

if not properly shielded and filtered. Figure 19.5 shows a block diagram of a 12-V fluorescent
driver.
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FIGURE19.5 12-V fluorescent driver.

19.1.4 Electroluminescent (EL)

19.1.3 High-Intensity Gas Discharge
Lamps

This class of lights includes mercury vapor,
metal halide, anc low- or high-pressure
sodium. Some pregress has been made to
incorporate HID (high-intensity discharge)
lamps in automotive applications. The HID
metal halide type lamp offers high efficiency,
up to four times more lumens per watt than
incandescent, and high light output in a small
package that can be utilized for headlamps.
Again, the main drawback is the cost of the
necessary power driver electronics. HID lamps
require a circuit design similar to fluorescent
drivers but at much higher power levels. The
cost of the HID driver electronics limits their
widespread use for automotive usage.

These low-intensity blue-green color light sources are used for decorative night lighting pur-
poses and as backlighting for liquid crystal displays (LCD). EL ligting generally requires a
low-current 100-V ac source. A 12-V dc to 100-V ac invertor is required for vehicular systems.

19.15 Light Emitting Diodes (LEDs)

Red LEDs may be adapted for stop light indicators, The LED produces a true red and does
not require colored lenses. By combining several series LED strings together in one assembly,

+12y
LED String
. com.
FIGURE 19,6 Constant LED illumination level

design,

a stop light indicator is possible. A constant
current source can be utilized to maintain a
constant LED illumination level as shown in
Fig.19.6,

19.2 WINDSHIELD WIPER
CONTROL

Windshield wiper (WW) systems are
required by government regulations and
therefore should bz designed for high relia-
bility. The motor control usually allows for
low- and high-speed operation, or variable
speed. The mechanical wiping motion is
accomplished by a worm-gear design which
gives torque multiplication and connects to
the windshield wiper mechanical arm assem-
bly. The key design specification is that the
motor must sustain a “stalled” wiper condi-
tion without damage. The motor must also
provide sufficient torque to run the wiper

IPR2023-01234
Petitioner - Ex. 2017 - Page 437




1910  CONTROL SYSTEMS

mechanism under worst-case conditions, such as blades frozen (o the windshield. Electronic
controls are used with WW systems, usually for intermittent operation plus variable speed.
The driver adjusts a time interval control potentiometer for a one- to several-seconds wiper
rate. The electronic circuit activates the motor with the appropriate time interval. A travel
limit switch is normally used to insure that the wipe cycle is completed, and that the blades are
returned to their nominal position.

Automatic windshield wiper designs are possible with today's technology that utilize a
moisture detector to determine the degree of WW action required.

19.21 PM Motor Speed Control

The auto industry uses de PM motors because they are economical to produce and ensure good
performance. The mofor’s speed can be varied by either a simple voltage dropping passive
resistor or an active linear voltage regulator. This simplistic method is widely used for vehicu-
lar motors requiring variable speed control, It does have a serious drawback in terms of power
efficiency. For example, to control the speed of a motor that draws 20 A at full speed requires
about 10 A at half speed. At full speed, the overall motor control system’s efficiency will be
around 80 percent. If the speed is reduced to half, the system’s efficiency drops to 40 percent.
This is because there is a heat loss of 70 W in the series voltage dropping element, in addition
to the 14 W lost in the motor. A more efficient speed control system is therefore a desirable
goal and can be accomplished by interrupting the motor’s voltage at a variable duty cycle or by
using a switching power supply. A switching power supply to control up to 300 W would cost
more than the motor because of its high-frequency transformers and other components.

PWM Speed Control Design.  Electronic permanent magnet metor speed designs can range
from a single power transistor to turn the motor on or off to an “H” bridge microcontroller-
based system with closed-loop speed control. The design of a unidirectional 280-W 20-A
motor speed control will be examined that uses power FET semiconductor technologies.
Since the PM motor is a dynamic machine with the armature acting as a flywheel, the volt-
age interruption or chopping rate could be 1000 Hz or slower, before the motor’s speed actu-
ally pulsates. A problem at 1000 Hz or other audible rates is noise generated from within the
motor. This audible motor sound may not be tolerable for drivers or passengers. At higher fre-
quencies—16 kHz or greater—the audible noise is minimized. Another noise issue is the sig-
nificant electronic radio frequency interference (RFI) that radiates into the electrical system,
including the vehicle’s radio equipment. This RFI is generated by the fast switching edges of
the PWM signal. The drawing in Fig. 19.7 illustrates slow and fast switching speeds and the
resultant power transistor dissipation relationships. Slowing down the switching edges mini-
mizes the radio frequency interference (RFT), but the switching speed parameters also play a
crucial role in the overall controller system, High transitional spzeds are desirable to mini-
mize switching losses and to improve reliability, but very fast switching speeds become
impractical beyond a certain point due to the inherent inductance in the wire and component
leads. A compromise has to be made between the edge speeds and power device heat loss.

Slow Swilching Edges Fast Switching Edges

Transistor  Ton Toff
Voltaga A

Transistor &
Current

i

\ Chan . ot } . \ /
High Peak Powar Dissipation Low Peak Powar Dissipation
FIGURE 19.7 Slow vs. fast power loss.
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Switching Speed Effects. Figure 19.8 graphs the switching edge speed effects upon the
power transistor’s power dissipation when switching a 20-A motor load from a 14.4-V power
supply. Three different operating frequencies are plotted, one at 20 kHz, one at 16 kHz, and
the last at 2 kHz. Note how the 2-kHz switching times are less critizal than the higher 16-kHz
and 20-kHz frequencies. In order to minimize audible noise, the 16- or 20-kHz frequency can
be used, but, unfortunately, the 200- to 500-ns switching speeds required to minimize switch-
ing losses cause the intrinsic inductance in the hookup wiring, components, and motor to
become critical. These faster edge speeds will generate significant voltage spikes across the

hookup wiring and may lead to reliability problems unless precaut ons are made to minimize
stray inductance in this wiring,

W
25W #
|
20W
= |
1 -
g
P r]
c
£ 15W -
a2 20 kHz -
a T Pd =[(ImaxVmax) +2].[Tsw+(1/1}] Ml &
a M # :
5 A Pd = powar dissipation (watts) 16 KHz |
2 10W =———— Imax =max. motor current (amps) e L/
& Vmax = max. motor voltags (volts) L
1 Tsw =Ton =Toff (sec) ;
T = PWM frequancy (Hz) ’
SW
2kHz ""'5"
ow £
0.1s 1.0us 10.0us
Switching Time (T sw)

FIGURE 198 Power loss vs. switching speeds.

If the motor controller design has lead lengths that exceed 25 mm (Lin), their inductance
values must be considered. An inductance value of 0.12 WH can be obtained in about 127 mm
(5 in) of wire length with a #12 wire size, as shown in Fig, 19.9. Thig 0.12-uH value may not
sound like much, but a plot (Fig. 19.10) of power line inductance versus switching (ransition
times shows that just 0.1 uH of lead inductance can generate a 10-V voltage spike (at 20-A
motor current) when switching edges are about 0.2 s, Therefore, if fast switchin gedges are to
be used, as with a 20-kHz operating frequency, a capacitor filter network is mandatory near
the motor’s power lead and controller. This filter network actually has to smooth out both the
20-kHz, and the much higher frequencies associated with the 200- to 1000-ns switching edges.

To summarize, when fast switching edges are generated, filter networks are mandatory, or the
hookup wiring will act as an antenna.

Motor Inductance Clamping. The kickback voltage from the motor’s inductance also has to
be contained, as the motor’s inductance value will be dominant over the hookup wiring, This
high-energy-laden voltage spike must be dealt with or the power transistor will enter an
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avalanche or second breakdown mode, which is something to be avoided. The energy content
of the motor’s inductive kickback voltage is mainly determined by the motor’s current, the
motor’s internal and external wire inductance value, and the rate at which the current is
switched off. A high-current-rated freewheeling rectifier network can be connected across the
controller’s battery and motor terminals to clamp the motor’s inductive kickback voltage
spike. The reverse recovery times of these freewheeling rectifiers do affect the power transis-
tor’s switching performance.
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When operating at a frequency of 20 kHz or a 50-ys repetition rate, the motor’s inductance
value is large enough to keep the freewheeling rectifier in a forward conduction mode until
the next 50-us cycle oceurs. For example, if the PWM is set to a 25 percent duty cycle, the
power Lransistor is on for the first 12.5 ys, and the freewheeling rectifier is in conduction for
the remaining 37.5 ps. This means that when the next cycle accurs, the power transistor is
switching on while the freewheeling rectifier is still in conduction, The result is that the power
transistor and freewheeling rectifier conduct a high level “shoot-through” current spike. The
magnitude and duration of this current spike are directly related to the rectifier’s reverse
recovery time rating, lead inductances, and the battery supply source impedance at the recti-
fier and power transistor location. Selecting freewheeling rectifiers with a “soft” reverse
recovery characteristic will help minimize the shoot-through current problem.

The motor's back-emf, is produced from the rotating armature in a magnetic flux from the
permanent magnets (PM), The PM motor’s back-emf with a fixed mechanical load is normally
lower than its power supply voltage and should therefore not exceed the voltage ratings of the
power transistor.

Motor Current,  'When the motor's inductive generated transients are safely contained, one
needs to deal with stalled and shorted motor conditions. Note that the motor’s copper wind-
ings exhibit a positive temperature coefficient of 0.00393 per °C. Therefore, a 0.25-0hm
motor resistance value at 25 °C room temperature would be about (.18 ohm at —40 °C. Using
the 20-A motor as the load, the maximum stalled or locked rotor current can be calculated
as shown below.

Imax = Emax ¥ ler =144+018=77A

where E,;,, = maximum power supply voltage
R, = minimum motor resistance*

Power Transistor Specifications. When the maximum motor current has been established,
the power transistor device specifications can be determined. In this case, the device needs an
average current rating of at least 77 A, but the prime consideration for reliable power transis-
tor operation is its worst-case heat dissipation,

The worst case scenario would include maximum values for the supply voltage, ambient
temperature, and motor current. A maximum junction temperature of 150 °C for the power
transistors is used as a maximum point. It should be noted that the reliability will increase by
about one order of magnitude for each 10 °C drop in the power trarisistor’s junction temper-
ature. The following equations calculate the power transistor’s maximum allowable heat dis-
sipation for use in an 85 °C environment using a 2.7 °C/W heatsink unit and a 1 °C/W junction
to case power FET thermal resistance.

PD i = (T — TAnas) + (R@JC + ROCS + RpSA)
=(150-85) = (1 +.1+2.7)
=171W

where Ty, =maximum allowable junction temperature
TA 4 = maximum ambient temperature
R@aJC = junction to case thermal resistance
R¢CS = case 10 heatsink interface thermal resistance
ReSA = heatsink to ambient thermal resistance

* Formula for calculating the motor’s cold resistance value is Ry = [(delta temp, % Rur) Ryy] + R = [(=65 %
0.00393) % 0,25] + 0.25=0.18.
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After the maximum transistor power dissipation is known, the maximum forward voltage
drop, VDS, and ON resistance can be calculated as shown:

VDS, = PDisy + Lo
=171+77
~022Vat150°CTj

RDS, = VdSun + L
~022+77
—0.003 ohim at 150 °CTj

In order to obtain a 0.003-ohm power FET ON resistance value at 150 °C Tj, several power
FET devices will need to be paralleled, Bipolar devices were not even considered because of
their high-current base drive requirements, Power FETs exhibit about a 75 percent ON resis-
tance increase from a 25 to 150 °C rise in junction temperature, Therefore, six MTB7SNOSHD
or equivalent devices in parallel would be required to achieve 0,003-ohm total ON resistance
value when operating in an 85 °C ambient with a 2.7 °C/W heatsink. Six devices may not be
economically attractive, so a larger heatsink may be more desirable. If the heatsink’s thermal
resistance is lowered to 1 °C/W, an ON resistance of (.005 ohm would be required, which is
three MTB75NOSHD or equivalent paralleled devices. This is an example of the cost tradeoff
between heatsink size and power FET ON resistance. It also points out that the power FETSs
ON resistance must be considered at the actual worst-case operating temperatures.

Short Current Protection. Some form of overcurrent protection would minimize power
transistor failures in the event of a shorted motor, as might happen if the motor leads touched
each other. Assuming motor’s internal resistance will always present at least 90 percent of its
nominal value, the shorted motor leads is the worst possible overcurrent condition. If three
75-A-rated power FETS are used in parallel, they would be capable of conducting well over
200 A. This current level may clear a 30-A fuse or activate a circuit breaker before the power
FETs start to seriously overheat. In some wiring systems a fuse link is used to protect against
a catastrophic wiring harness fire. The fuse link is usually just a short piece of copper wire that
is encased in flame resistant insulation and is one wire-size smaller than the motor harness
wire. The fuse link would probably not clear before the failed power transistors had shorted
and blown open. If a fuse is selected that is slightly larger than the motor’s normal run current,
the power transistors may be capable of sustaining the shorted load current levels long
enough to blow out the fuse before the tran-
sistors fail, A more reliable shorted load pro-
tective concept may still be necessary.

It may be desirable to latch off the power
transistor during shorted load conditions,
Load current sensing can be accomplished in
three ways, as shown in Fig, 19.11, The volt-
age drop across the power transistor can be
monitored, and, when a certain threshold is
reached, the gate drive is latched off until the
next operating cycle. Another method is to
insert a series resistor in the source’s path
and monitor the voltage drop across the
resistor. An internal current-sensing power
FET device can also be substituted for one of
the power FETs, with its current mirror volt-
age representing a portion of the total load
current,

The method of measuring the transistor’s
FIGURE 19.11 Load current sensing. forward ON vo!tage does have some inher-

+0_
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ent drawbacks. The drain-to-source measurement circuit has to be synchronized with the
gate drive voltage, and the forward voltage will change by at least 2 to 1 at a nominal current
level over a -40to +175 °C junction temperature range. The temperature drift of 2 to 1 means
that, at 175 °C, a 60-A overcurrent would read the same as 120 A at 40 °C. Therefore, at high
temperatures, the overcurrent detector may falsely shut down with a stalied motor, and, at
cold temperatures, the overcurrent may not shut down at all. The most accurate current mea-
surement method is to use a series resistor added in the high current path.

A single-chip microcontroller could greatly enhance the operation of this design by allow-
ing more functionality. For example, a stalled motor condition could be detected and a preset
shutdown mode invoked to protect the motor against burnout. The MCU would include inter-
nal A/D for current detection directly from the current-sensing res stor or from the internal
current-sensing power FET. The PWM signal would also be generatzd from the MCU. Figure
19.12 shows an MCU-based speed control conceptual design that uses an 8-bit single-chip
microcomputer.

+12v

Vollage
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Onoff —sf Ve
Fwd/Rey—st
PGM1 —  Mmcu 8 bit
PGM2 —=  with AD

Power

PGM3 = MOSFET
elc. _"[ current sense
AD Output Stage

Speed Pol—> AD ND com

FIGURE 19,12 MCU motor control,

Electronic controls allow an automatic climate control system to be designed for the comfort
of the driver and passengers. An upscale automatic HVAC (heater and air conditioning) sys-
tem, Fig. 19.13, may utilize an MCU to compute the most éffective heat and ac flow rates. The
heater and ac evaporator fan motor speed control designs can be similar to the WW variable
speed design previously discussed if PM motors are selected, Brushlzss motors (BLMs) offer
several features for this application. The BLM offers no brush-to-commutator noise, This fea-
ture alone is desirable in luxury vehicles, and, when one considers the increased mechanical
reliability gained by the elimination of the brush-commutator assembly, the BLM cost-to-per-
formance ratio seems more reasonable.

19.3.1 BLM System

If a motor-driven load requires closed-loop speed and direction control, the cost disadvantage
of a BLM system becomes less significant, Figure 19.14 shows a typical permanent magnet
brush motor compared with a BLM with both motors utilizing speed and directional control
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FIGURE 19.13 Climate control system.
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FIGURE 19.14 PM vs BLM,

networks, Note that the BLM system uses only about one-third more drive electronics than
the PM motor.

The BLM drive electronics may consist of a BLM linear bipolar integrated circuit, such as
an MC33035 or similar device, that not only contains logic gates for commutation liming, but
also includes internal driver stages capable of driving cither power bipolar or power FET out-
put transistors, or the MCU itself can be used to generate the necessary BLM control signals,
One possible system may include the MC33035 linear bipolar IC and six power FETSs. Three
of the power FETS are internal current-sensing types. These current-sensing FET signals are
conditioned and fed back to the MCU and to the linear IC as siznals representing a motor
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normal condition or a motor overload condition. When the MCU detects a motor overload
condition, a predetermined course of action takes place. First, the overload is counted as an
event. The MCU timer allows the overload to continue for a length of time depending on how
much time has elapsed from the previous overload. This is done to allow for the thermal heat
buildup that will occur when the motor is overloaded or stalled on a repetitive basis, enabling
the motor to have a high starting torque when cold, but to protect the windings, bearings, and
drive electronics when the motor’s temperature has become dangerously high due to
repeated starts with a faulty load. The MCU’s EEROM is used to remember user settings
such as temperature preferences, as well as for interfacing into a multiplex data network.

19.3.2 Clutch Coil Control

The HVAC system also controls the ac clutch coil, plus other small duct motors or solenoids.
Care must be taken when switching these highly inductive loads with power transistors. Fig-
ure 19.15 shows several possible voltage clamping networks to prevent damage to the power
module when the inductive loads are switched off. The following formula should always be on
hand and used when designing power-switching circuits that drive coils or solenoids.

V=L (DilDi)

where V,; = maximum inductive generated voltage
Di = coil's peak current level when switched off
Dt = switching time of the coil’s current level

A typical air-conditioner clutch coil may exhibit 15 mH of inductance and 3 ohms resis-
tance (or 4.8 A of current), and, when operating from a 14.4-V battery, would generate about
720 V when switched off in 100 ps (V. = 0.015 x (4.8/.0001). Needless to say, this would
severely stress or destroy a typical 50-V-rated power transistor. Some form of voltage clamp-
ing is required,

A fully automatic HVAC system can monitor the inside and outside air temperatures, The
MCU program can monitor these inputs plus the user’s temperature setpoint and then com-
pute the heater and/or ac fan motor's speed plus heater core flow rate and/or ac clutch to
achieve the desired inside temperature. The HVAC MCU software design can be imple-

mented using fuzzy logic rules rather than standard control algorithms or massive lookup
tables.

19.3.3 Fuzzy HVAC Control

Fuzzy logic design can be used to develop an HVAC control program. In general terms, a
fuzzy logic design allows the software programming of an MCU-based controller to be sim-
plified and is especially useful for complex nonlinear control dynamics. At this time, standard
MCU devices can be used for fuzzy programming, Future MCU devices will probably be
available that will enhance a fuzzy program. Programmers who can easily understand how to
compose assembly language programs for converting various input signal conditions into the
required output signals may not contemplate a fuzzy logic design, but, for many system
designers, the fuzzy program method will shorten the software design and can allow the pro-
gram design to be evaluated with the use of fuzzy development tocls even before the hard-
ware has been constructed.

A fuzzy logic implementation using an 8- 16-, or 32-bit single-chip microcontroller
(MCG8HCI11, MC68HC16, MC68332, ete.) requires the control system’s behavior to be well
defined from an intuitive sense, The designer defines the input conditions and desired output in
a subjective manner. For example, if the auto’s inside temperature is 25 °C, most people would
probably find that value comfortable. In fuzzy terms. 25 would be 100 percent true for an input
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FIGURE 19.15 Voltage clamping networks.

membership called “comfortable,” whereas 20 °C might be 0 percent and 30 °C might be 0 per-
cent. Memberships could include “icycold,” “cold,”“cool,” “comf,”“warm,” and “hot.” This think-
ing process fuzzifies the input temperature analog signal into numerical values that are attached
to each membership. The user setpoint temperature is also divided into membership functions
The user setpoint temperature input is also fuzzified. Figure 19.16 shows the ambient and user
setpoint memberships graphically. Other inputs, such as outside temperature, humidity, solar
radiation, etc., could also be incorporated to produce a high-performance HVAC system. Once
the input signals have been fuzzified, the first of three parts of a fuzzy design has been completed.

A second part of the fuzzy design is to assign membership functions as shown in Fig, 19.17
to the output control signals. In this example, only the heater side is shown. The output mem-
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FIGURE 19.16 Fuzzy input memberships.

bership functions are classified as singletons, which only gives one value per membership. This
approach trades precision for memory size.

The third part of a fuzzy design uses the min-max inference merhod to establish rules. A
matrix representation of the input and output memberships and rules is helpful as shown in
Fig. 19.18. The matrix size is determined by the input membership quantity, which is 5 for the
user setpoint and 6 for the ambient temperature. This means a total of 30 rules are possible (5
x 6=30). The designer selects which output membership function occurs for each input mem-
bership function.

Fuzzy logic development tools are available that can simulate the fuzzy design. These pro-
gramming design tools simplify testing the program’s performance before production. A 3-D
interactive graphic display allows the designer to visually examine the input to output rela-
tionships. Irregularities can be traced back and corrected before the first prototype is buill.
The availability of integrated fuzzy design software for personal computers allows the system
engineer (o evaluate the fuzzy design approach.

In summary, the fuzzy design method requires: the input data to be applied to the input
membership functions or fuzzified, invoking the rule set to the fuzzified data, and, finally, gen-
erating an output or defuzzification based upon the rules and output function type. The fuzzy
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FIGURE 19.17 Fuzzy output memberships,
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design can be modified with common-sense rules and rule strengths whereas the conventional
algorithm design method may require modifications at the most basic assembly code levels

19.4 MISCELLANEOUS LOAD CONTROL REFERENCE

19.41 Current-Sensing Power FETs

Internal current-sensing power FETS can be used for current sensing, but their implementa-
tion may require some additional considerations. The current-sensing power FET device is a
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FIGURE 19.18 Fuzzy rules.

IPR2023-01234

Petitioner - Ex. 2017 - Page 448




LIGHTING, WIPERS, AIR CONDITIONING/HEATING ~ 19.21

normal power FET transistor with a very small portion of its active cie area set aside for a cur-
rent mirror, To use its current-sensing ability, an external resistor is connected between the
current mirror output and the Kelvin output. The voltage drop across this resistor will be
directly proportional to the device’s current level when the device is operated in the active
region, Choosing the correct value of the sense resistor is important to maintain an accurate
drain current-to-sense voltage ratio over wide temperature ranges and when the unit is oper-
ated in the full ON or ohmic region.

When operating in the full ON region, the current mirror network changes from a constant
current mode fo a voltage source mode. This mode change occurs because the forward
transconductance of the current mirror FET cells is decreasing due to the lower drain-to-
source voltage. The result lowers the mirror current level to the sense resistor during full ON
conditions when the load is connected between the drain and Vee.

By selecting a sense resistance value that is less than 10 percent of the ohmic or tM(ON)
value, the current mirror accuracy can be maintained. For example, if the current-sensing
power FET device’s rDS(ON) is .16 ohm and the current mirror ratio is 1800, the rM(ON)
will be about 288 ohms (0.16 x 1800 = 288). Therefore, a sense resistor value of less than 28
ohms is required. If a lower rDS(ON) current-sensing power FET device is used, for exam-
ple, 0.026 ohm, and the current mirror ratio is 950, a sense resistor of less than 2.5 ohms
should be used.

The use of an amplifier stage is still required to boost the current mirror’s output signal
level, which is similar to a traditional current-sensing network that uses very low resistance
values (0.005 to 0.1 ohm). A low-cost operational amplifier (op-amp), LM324A, for example,
will give fair performance over wide temperature ranges. The input offset voltage range of the
op-amp will be a determining factor in the overall accuracy of the current-sensing power FET
circuit design because of the low-millivolt current mirror signals. Instrument-grade op-amps
can be used when higher accuracy is required. The op-amp circuit layout should be connected
in close proximity to the current-sensing power FET’s Kelvin and mirror output pins to min-
imize external noise pickup.

1942 Overvoltage, “Load Dump,” Reverse Battery

A hazard to any automotive clectronics is reversed power supply connections. The power
FET’s internal rectifier will become forward-biased and will turn on the motor or lamp load.
The FETs power dissipation will increase about 5 times normal since its voltage drop is now
about 1 volt instead of the nominal 0.2 V, A standard bipolar transistor does not have the
internal collector-to-emitter rectifier, but it still will suffer from a reversed power supply con-
dition. The emitter-base junction avalanches at around 6 to 8V, and the base-collector forms
a rectifier. Therefore, the typical bipolar transistor is cooking itself into oblivion with about an
8-V drop while conducting about 1 A of lamp current. Most auto manufacturers specify that
any electronic or electrical device must be able to withstand a reverse battery connection. The
exact magnitude of the reverse voltage requirement varies per menufacturer, but the worst
case seems to be —24 V for 10 min. This requirement is especially troublesome when the load
requires an inductive kickback clamp rectifier, and either a power FET or bipolar transistor is
used as the load driver. The power transistor’s intrinsic rectifier and the load rectifier become
forward-biased as shown in Fig, 19.19. The result? The clamp rectifier fails by shorting, the
transistor shorts, and then the fuse may blow unless the rectifier or power transistor blows
open first. A simple reverse battery isolator relay can be used to guard against incorrect bat-
tery polarity connections, This simple relay has been incorporated in the power supply line,
which will open the line in the event of a power supply voltage reversal or if the power supply
should exceed 32 V.

There are several other hazards for 12-V vehicular electronics that have to be considered,
These can be divided into two groups: minimum/maximum operational voltages and voltage
transients,

IPR2023-01234
Petitioner - Ex. 2017 - Page 449




19.22

CONTROL SYSTEMS

Reverse Cument Path

d -

Reversed
Battery

E:

Base-Collactor

is forward biased
and Base-Emitter
junction zener
avalanches

Inductive
Kickback
Rectifier

Intatnal Emitter or

Source to Collector
or Drain ractifier s

forward biased

12 voht
,—E-o..: aus
> 20v
d Zenel —-.I..- 1
Reversad Relay Reverse
Battery Battery

Q+

FIGURE 19,19 Reverse battery rectifier path.

The typical power supply voltage operating range for nonengine functions is 8 to 16 V.
Most nonengine vehicular loads are either lamps or motors, and these types of loads will func-
tion in some proportion all the way down to near zero voltage when controlled by simple
switches. When electronic control circuits are used with these loads, a power supply voltage
threshold level occurs, and the load abruptly stops functioning, This threshold level normally
takes place between 3 to 8 V and is dependent upon the control circuit’s biasing networks and
internal transistor technologies. The important criterion is that the electronic control should
behave in a stable fashion when the power supply voltage varies between nominal levels and
zero. A smooth transition during power supply on/off conditions in the electronic designs can
be implemented with some form of hysteresis element for the analog portions and a low-volt-
age interrupt/reset for MCU/digital circuits.
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Voltage transients tend to be either high-energy, up to 125-V levels, or low-energy, high-
voltage spikes, The alternator “load dump” voltage spike ranges from about 85 to 125V for a
duration of approximately / second. This voltage spike is of a high-¢nergy nature because of
the alternator’s low source impedance. By using Zener-type rectifiers in the alternator in place
of the alternator’s normal rectifiers, the load dump voltage can be clamped to under 40V.

High-voltage transients are generated by the fast turnoff of high-current inductive loads,
such as air-conditioning compressor clutches. The polarity of high-vcltage inductive kickback
spikes depends upon the control switch configuration. Adding a rectifier across the inductive
load to clamp the turnoff voltage spike will affect the mechanical performance of some
solenoids, actuators, or relays, The mechanical turnoff will slow down. As the solenoid’s mag-
netic field collapses, a countervoltage is generated that, in turn, causes the magnetic field to
reverse, which speeds up the solenoid’s turnoff action. The insertion of a back-emf rectifier
clamps or shunts the counter voltage, and therefore minimizes any significant reversal of the
magnetic field. Using back-to-back Zener rectifiers across the inductive load that are selected
will allow satisfactory mechanical turnoff action, and yet will proteci the power electronics.

Another form of electrical stress that the motor control system has to sustain is ESD or
electrostatic discharge. The ESD is normally encountered in the manufacturing cycle, but can
occur in the application. To minimize ESD, the control shafts, switch handles, user faceplate,
etc., should be designed to dissipate ESD through a ground path away from the electronic
module.

19.4.3 Microcomputer I/O Line Protection

Voltage transients on MCU input or output (I/O) lines can cause the MCU to fail. Figure
19.20 shows three different methods to contain excessive MCU input or output line voltage
spikes.

Single input line protection is accomplished by a 5.1-V Zener clamp to contain positive-
going transients and a Schottky rectifier for the negative-going transients. The Schottky recti-
fier does have temperature problems at both ends. At 125 °C, its leakage current may reach 50
WA when the input line is at a 5-V level. Therefore, the input signal may lose 50 pA of current
to the Schottky which may reduce its voltage level too much for the MCU input port to
respond properly. Another problem occurs at cold temperatures, At —40 °C, the forward volt-
age rises to about 0.47 V, which is getting close to the —0.50-V maximum level specification for
most HCMOS-type microcomputer chips. A simple RF low pass filter network is also a good
idea to incorporate on each input line. The RC network will minimize problems from high-
energy RF fields and will limit excessive current levels from flowing through the MCU's inter-
nal substrate.

Multiple input line protection uses two Schottky rectifiers per line for clamping positive-
and negative-going voltage transients. A single 4,7-V Zener is used s a common clamp to all
input lines.

MCU output line protection uses a resistor, capacitor, Zener, and Schottky rectifiers. The
resistor is connected in series to the load, and will therefore have to be sized to drop about 5
to 10 percent of the nominal load voltage. The resistor’s main function is to limit reverse cur-
rent into the MCU in case the output line is raised above Vdd or below Vss, and no other
protective devices are used. Adding a small value capacitor at the load output will help min-
imize RFI, at the expense of reducing switching time from the MCU. Adding a Schottky and
Zener rectifier to the MCU output line will protect against both negative- and positive-going
transients.

Adding program traps in the MCU software will help to restart the MCU in the advent of
asoftware crash. Experiments have shown MCU-based electronic modules that fail (program
crashes, and MCU locks up until hardware restarts it) due to high bursts EMI or RFI, will still
perform, but at reduced throughput, when software traps are used. One method uses a trap
consisting of three NOP instructions followed by a JMP to RESET instruction. These traps
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are used after loops or subroutines. These software traps, in addition to a watchdog timer if the
MCU has this feature, will help in catching an out-of-control program.

The location of the watchdog timer reset instruction code is also important. If the watch-
dog timer is reset from within an interrupt routine, there is a possibility that the program
could still be out of control, but that the interrupt vectors could still be working, and will
therefore not reset. A good place to locate the watchdog update code is in a main program
path rather than in an interrupt routine.

The PCB or thick-film design layout affects the MPU’s reliability in terms of overvoltage
transients. The clamping networks should be located physically close to the input socket pins
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and common. The MPU common traces should not be in the path of any voltage-clamping

networks. It may also be a good idea to place an inexpensive metal shield around the MPU
PCB area to protect against RFI and ESD problems,

19.4.4 Wire Size Reference

Most wire tables only give basic weight, dimensions, and dc resistance. A more complete ver-
sion would include straight-line inductance as shown in Table 19.2. Unlike resistance which
adds in a linear proportion to its length, inductance adds up on a logarithmic scale.

19.5 FUTURE LOAD CONTROL CONCEPTS

Higher integrated or more complex semiconductor power devices are available for specific
load controls that can justify the extra cost of these smarter power types. The tradeoff is that
the extra internal circuitry in the device usually limits its application to specific loads.

TABLE 19.2 Wire Gage Resistance and Inductance

Dia., Dia., Ohms per L of 25 mm L of 305 mm L of 914 mm
Wire # mm in 305 mm (ft) (Llin),pH (1ft), uH (1yd),uH

1000 MCM 29.261 1.1520 0.000008 003 182 146
500 MCM 20.650 0.8130 0.000016 004 203 810
250 MCM 14,605 0.5750 0.000031 006 224 873
0000 11.684 0.4600 0.000049 007 238 914
000 10.404 (.4096 0.000062 008 245 935
00 09.266 0.3648 0.000078 008 252 956

0 (8.252 0.3249 0.000098 009 259 977

1 07,348 (.2893 0.000124 010 266 999

2 06.533 0.2580 0.000156 010 273 1.019

4 05.189 0.2043 0.000248 011 287 1.062

6 04.115 0.1620 0.000395 012 30 1.105

8 03.264 0.1285 0.000628 014 315 1.147

10 (2,588 0.1019 0.000999 015 329 1.189

12 02,052 0.0808 0.001589 016 344 1.232

14 01.628 0.0641 0.002526 017 338 1274

16 01.291 0.0508 0.004016 018 RIVA 1317

18 01.024 0.0403 0.006386 020 386 1.359

20 00.812 0.0320 0.010154 021 400 1.401

22 00.644 0.0254 0.016139 022 414 1.444

24 00.511 0.0201 0025671 .023 A28 1.486

26 (10.405 0.0159 0.040818 024 443 1.529

28 00,321 0.0126 0.064914 025 457 1.571

30 00.255 0.0100 0,103093 027 AT1 1.613

32 00.202 0.0080 0.164095 028 485 1.636

34 00.160 0.0063 0.260891 029 499 1.698

36 00.127 (.0050 0.414849 030 513 1.741

38 00.101 0.0040 0.659695 031 527 1.783

40 00.080 0.0031 1.048548 033 542 1,825

R =4 Lp/nD?, L =length in meters, D =length in mm, p = resistivity 01724102 per pQm (= Q mu’/m). (Ref: Automotive Handbook, 24
ed, Bosch, 1986, pp. 176-177.)

LpH=(0.0002 L)*{(IN(2*L/(DI2)) - 0.75)]. L = length in mm, IN = nat. log., D = dia. in mm. (Ref: ARRL Handbook, 1988, pp.2-18.)
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Some form of more intelligent brake indicator system may help minimize the classic chain
vehicle crashes that occur in poor driving conditions. One possible method using electronic
switched stop lamps would involve a rate of closure detector system to determine if the vehi-
cle’s speed is safe for objects ahead of it. I the closure rate is unsafe, the stop lights could be
activated to alert trailing (or tailgating) drivers to a pending accident.

19.5.1 Fully Integrated Power Devices
The concept of putting the MCU and power drivers on one piece of silicon is viable at limited

power levels and breakdown voltages. The MC68HCOSVS MCU is but one of several semi-
conductor industry examples of this technology.

GLOSSARY

Charge pump A circuit that usually consists of an oscillator driving logic gates that yield
out-of-phase signals that are applied to a rectifier voltage doubler network. The charge pump
circuit can be integrated into MCUs and other power analog integrated circuits.

Current mirror A design that generates a signal whose level is directly proportional to
another current level. The current mirror concept is used in current-sensing power MOS-
FETs.

Electromagnetic interference (EMI) Unwanted magnetically coupled voltages that affect
the normal operation of electronic systems. EMI is a problem waen high-energy circuits are
in close proximity to high-impedance sensors, or any low-energy electronic control circuit.
EMI also occurs in a wiring harness. One wire conducting a high-energy pulse in this harness

will couple the pulse into the other harness wires. Twisted wire pairs are often used to mini-
mize EMI susceptibility.

Freewheeling rectifier A rectifier that is connected across an inductive load or transistor
switching device to suppress the voltage spike generated when the load is turned off.

H-bridge A design utilizing four power devices that are connected to reverse the voltage
across both terminals of a load. H-bridges are used for bidirectional motor controls.

Half H-bridge A design using two power devices that are connected in series from the pos-
itive power supply bus to common, and a load terminal connected to the transistor’s middle-
connection. Two half H-bridges can make a full H-bridge, Three half H-bridges are commonly
used in three-phase motor controls.

Intrinsic rectifier A rectifier that is inherently part of a semiconductor design, Most power
MOSFET transistors have a drain-to-source rectifier that is formed by the nature of the
MOSFET design structure. In battery-powered designs, the intrinsic rectifier is a concern dur-
ing reversed battery hookups.

Load dump The effect of disconnecting the load from an alternator running at full power. In
automotive equipment this condition can be caused by intermittent battery connections when
the alternator is applying maximum current to the battery, When the load is abruptly discon-
nected, the alternator control circuitry shuts off the field current, but this current takes up to
s to decay, and allows the alternator to produce a voltage much higher than its nominal
value, up to 125 V in some cases. This abnormal voltage tracks the field current decay.

Pulse-width modulation A common control signal modulation method used in dc speed
controls. The signal's frequency is fixed at a rate of 100 Hz to 20 kHz, but its pulse width is var-
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ied from 0 to 100 percent. The variable pulse width, in effect, acts like a variable voltage
source when driving most automotive type loads.

P-channel MOSFET Usually a power transistor that requires a negative gate-to-source con-
trol voltage of 3 to 10V. P-channel MOSFETS are normally connected between power supply
positive bus and the load, and can operate from a positive voltage bus.

N-channel MOSFET Usually a power transistor that requires a positive gate-to-source con-
trol voltage of 3 to 10 V. N-channel MOSFETS are normally connected between common and
the load, and operate from a positive voltage bus. The gate input characteristics are capacitive
with gate power loss occurring during the switching edge transition period.

Radio frequency interference (RFI) High-frequency signals of sufficient magnitude to
influence the normal operation of electronic systems. RFI sources from automotive equip-
ment include spark plug arcing, dc motor brush arcing, electrical contact switching, and fast
transitional voltage pulses from power electronic circuits,

Saturation A power transistor’s forward ON region normally defined as when an increase in
drive input voltage or current has little effect upon further reducing the transistors forward
ON voltage. Saturation regions vary from less than 0.1 to over 3V depending on the transis-
tor technology and design.

Zener rectifier A semiconductor rectifier device that is designed to operate in a reverse bias
mode. When the reverse voltage reaches the Zener voltage, the device abruptly starts con-
ducting current. Zener rectifiers are used for shunt voltage regulators, overvoltage protection,
and voltage level detectors. Zener rectifiers are also designed specifically for high-power volt-
age transient suppression. These devices are constructed to handle very high momentary cur-
rent levels,

Note
Based in part on the article by Richard Valentine, “Don’t underestimate transistor-based lamp
driver design,” EDN, June 7,1990, pp. 119-124.
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CHAPTER20
INSTRUMENT PANEL DISPLAYS

Ronald K. Jurgen, Editor

20.1 THE EVOLUTION TO ELECTRONIC DISPLAYS

In the early automobile years, cars had analog displays that contained minimal information,
usually just car speed and oil pressure. As the use of electronics increased in cars dramatically
from the late 1970s on, however, the traditional mechanical or electromechanical analog dis-
plays with a circular dial face and a pointer began to be challenged by newer technologies, The
major ones included pas discharge or plasma displays, vacuum fluorescent displays (VFDs),
liquid crystal displays (LCDs), cathode-ray tubes (CRTs), and more recently, head-up dis-
plays (HUDs). These newer technologies made it possible for car makers to give drivers a
broad spectrum of information, including sophisticated graphics.

In 1978, the first production electronic digital display, a gas plasma device, was used in the
Cadillac Seville; in 1984, the first standard equipment production LCD cluster was used in the
Chevrolet Corvette; and in 1985, the first full-color CRT was used in a production vehicle, the
Toyota Soarer.'

The initial rush by car makers to use electronic displays has now abated somewhat.
Drivers, in many instances, did not take kindly to overkill with electronic displays—any more
than they did to electronically generated voice messages—and today’s use of displays tends to
be more conservative. In fact, one approach fast gaining popularity is electronic analog dis-
plays rather than strictly digital ones.

This chapter will describe typical electronic displays used in cars. It is not intended to be
all-inclusive. That would be beyond the scope of this handbook. But the display examples
given are representative of what can be found in cars today.

20.2 VACUUM FLUORESCENT DISPLAYS >

One of the most widely used electronic displays is the vacuum fluorescent display, It was first
used in automotive clocks and has since been applied in other ways including audio systems,
air conditioning/heating, message centers, and head-up displays. Its popularity stems from fea-
tures that include availability of a variety of colors, high luminance, low voltage operation,
reliability, and long life.

The basic structure of a modern VFD, Fig. 20.1, consists of a cathode, rid, and anode.’ The
tungsten-wire cathode emits thermal electrons that are accelerated when a positive voltage is
applied to the anode and grid. The phosphor-coated anode emits a blue-green light when
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struck by the emitted electrons. Other colors such as yellow-green, green-yellow, yellow-
orange, orange, and red-orange colors, obtained through the use of optical filters, can be used
independently within the same display. Thick- or thin-film screens are used to shape the phos-
phor pattern in any desired manner. VFDs produce maximum perceived brightness at low
input power.

(Jxide Cathode
(Filsmant)
Self Standing Grid
Anode Wiring (Inath)
Gilass Substrate
Insulation Cu(nu

FIGURE 20.1 The basic structure of a vacuum fluorescent display.

(Reprinted with permission from SAE SP-858 ©1991 Society of Automo-
tive Engineers, Inc.)

Initial VFDs were single-digit displays. Multiple-digit displays followed and now single
large-scale VFDs contain multiple functions such as speedometer, fuel and temperature
gages, trip odometer, turn indicators, and warning signals.

A typical application of VFDs was in the electronic instrument panel on the 1985 Chrysler
LeBaron.’ The VFDs are controlled (Fig. 20.2) by a Motorola MC6805R3 8-bit, HMOS, sin-
gle-chip microprocessor with internal analog-to-digital converters. Another microprocessor, a
4-bit device, is used to generate a high switching rate for the centzr display in the instrument
panel.

20.3 LIQUID CRYSTAL DISPLAYS

LCDs are fluids consisting of organic compounds whose molecular orientation rotates polar-
ized light by 90 degrees as light passes through the material.* When an electric field is applied
to the fluid, its molecular orientation s altered as is its polarizing ability. The change is visible
in reflected or transmitted light and can be used to form predetermined patterns or characters
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