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EX1005, FIG. 1.

115. Figure 2 of Yoshioka illustrates the ECU 70 receiving input signals 

from the airflow meter 40, throttle opening sensor 42, and crank angle sensor 51, 

Fig. 1
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and processing those input signals (together with the input signals from the other 

sensors 41 and 43-56) to generate engine control signals. EX1005, 5:25-31.

EX1005, FIG. 2 (annotated).

116. Yoshioka discloses that the engine revolution speed NE is calculated 

according to the output of the crank angle sensor 51. EX1005, 7:18-20. Yoshioka 

also discloses that the “airflow meter 40 measures the mass flow rate of intake air,” 

where the quantity of intake air is controlled by adjusting the throttle valve 5. Id.,

4:14-15, 5:43-46. The ECU 70 then “reads an engine load [GN] (the mass of intake 

air per engine revolution) calculated according to the mass flow rate of intake air 
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detected by the airflow meter 40” and the engine revolution speed NE. Id., 7:20-24. 

In my opinion, a POSA would have thus understood that the ECU 70 of Yoshioka 

receiving the signal from the crank angle sensor 51 indicating the engine 

revolution speed NE or the signal from the airflow meter 40 indicating the mass 

flow rate of intake air, both of which relate to the performance of Yoshioka’s 

engine, each correspond to the claimed “obtaining an engine performance 

command.” 

117. Further, a POSA would have understood that a driver would have 

controlled the desired engine acceleration by opening and closing the throttle valve 

5 detected by the throttle opening sensor 42 of Yoshioka, e.g., by depressing a 

conventional accelerator pedal. For example, Toboldt discloses that:

The throttle valve is a device for varying the amount of air–fuel 

mixture that enters the intake manifold. This control is necessary so 

the speed of the vehicle can be changed. The throttle valve, Fig. 21-5, 

is simply a round disk mounted on a shaft, so that it can be tilted at 

various angles in the carburetor throttle valve body. It is connected by 

means of suitable linkage to the accelerator pedal in the driving 

compartment of the vehicle. Depressing the pedal opens the throttle 

valve, permitting an increased amount of air-fuel mixture to reach 

the manifold.

EX1011, 239.
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118. Bosch similarly described that in “conventional injection systems, the 

driver directly controls the opening of the throttle valve by depressing the 

accelerator pedal” and that the “driver uses the accelerator pedal to vary the throttle 

valve’s aperture so that the airflow into the engine is varied and with it the engine’s 

power output.” EX1012, 452, 460; see also 478 (“At full load, the accelerator 

pedal is depressed fully and the throttle is wide open (WOT).”), 498 (“In order to 

set the operating state desired by the driver (main function), the position of the gas 

pedal is converted by the microprocessor into a setpoint value for the engine 

torque.”), 499 (“Systems with ETC (electronic throttle control, integrated in the 

engine control unit for ignition, injection and other auxiliary functions) detect the 

position of the accelerator pedal with a pedal-travel sensor (potentiometer). Taking 

into account the current engine operating status, the ECU calculates how far the 

throttle valve needs to open and actuated the throttle-valve drive accordingly (see 

Fig.). A throttle-valve angle sensor (potentiometer) monitors exact compliance 

with the desired throttle-valve position.”), 507 (“The most important torque 

demand derives from the vehicle-operator command generated by the accelerator 

pedal, from the position of which the engine-management system interprets the 

demand to be made on the IC engine for a particular torque.”) 

119. Moreover, Probst discloses that: “Fuel delivery requirements depend

more than anything else on how much work you are asking the engine to do—on 
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how much of a ‘load’ you are placing on it. To accelerate, you step down harder on 

the accelerator. This opens the throttle valve, increasing manifold pressure. The 

greater pressure difference between the manifold and the cylinders increases air 

flow, and therefore fuel flow, to increase power and accelerate the car.” EX1016, 

2:7. And even the ’540 acknowledges that the claimed “engine performance

command” can be obtained from a “conventional pedal.” EX1001, 2:6-8. 

120. In my opinion, a POSA would have thus understood that Yoshioka’s 

ECU 70 receiving a signal from the throttle opening sensor 42 indicating the 

detected opening of the throttle valve 5 is a third instance of Yoshioka disclosing 

the claimed “obtaining an engine performance command.” Thus, Yoshioka 

discloses [1.A]. 

[1.B] “receiving an environmental conditions signal;”3.

121. The ’540 patent broadly characterizes the claimed “environmental 

conditions signal” as encompassing ambient pressure, temperature, or any other 

measureable environmental condition. EX1001, 2:23-35 (“The action of receiving 

an environmental conditions signal 18 preferably includes receiving an 

environmental conditions signal from an environmental sensor 30 in the vehicle. 

The environmental sensor 30 preferably senses the ambient temperature outside 

the vehicle and communicates this data to the control unit 10, which uses the data 

to determine the valve feedforward term. Other information, such as the 
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ambient pressure, may be useful in the determination of the valve 

feedforward term. For this reason, the environmental sensor 30 may 

alternatively sense other suitable information.”). In my opinion, a POSA would 

have thus understood that the “environmental conditions signal” to include 

ambient pressure, temperature, or any measureable information environmental 

condition.

122. Yoshioka discloses “receiving an environmental conditions signal.”

As shown below in Figure 2 of Yoshioka, the ECU receives a signal input from the 

atmospheric (i.e., ambient) pressure sensor 46 (i.e., an “environmental conditions 

signal”), and then processes that input (together with inputs received from the other 

sensors 41 and 43-56) to generate engine control signals. EX1005, 5:25-30, 7:24-

25 (“Step 106 reads an atmospheric pressure PA detected by the atmospheric 

pressure sensor 46.”); compare to EX1001, FIGs. 7, 9, 12, and 15 (showing steps 

for reading atmospheric pressure PA at 106, 206, 306, and 406, respectively). 

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,557,540



 

- 61 -

EX1005, FIG. 2 (annotated).

123. Thus, Yoshioka discloses [1.B]. 

[1.C] “determining a valve feedforward term based on the 4.
engine performance command and the environmental 
conditions signal”

124. Yoshioka discloses “determining a valve feedforward term based on 

the engine performance command and the environmental conditions signal.”

Specifically, Yoshioka describes setting a target displacement to be imposed on the 

open/close timing of the intake valve 24 according to a detected engine load and

decreasing the target displacement as an atmospheric pressure becomes lower, to
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maintain the output of the engine at high altitudes under high load. EX1005, 7:46-

53.

125. First, as shown in Figure 9 of Yoshioka below (step 208), the ECU 

determines a correction coefficient Lpa based on atmospheric pressure PA

(“environmental conditions signal”) using a map stored in ROM 73 of the ECU.

Id., 7:57-60.

 

EX1005, FIG. 9 (annotated).
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126. Second, the ECU determines (step 210) an initial valve timing 

displacement IVTD0 based on the engine load GN and engine speed NE. EX1005, 

7:63-67. Here, the engine load GN is “the mass of intake air per engine revolution” 

calculated according to the mass flow rate of intake air detected by the air flow 

meter 40 and controlled based on the opening of the throttle valve 5 (i.e., the 

“engine performance command”). Id., 7:20-24, 7:55-56, 6:37-42, 5:43-46 (“The 

mass of intake air per engine revolution is calculated according to the mass flow 

rate of intake air measured by the airflow meter 40 . . . .”), 4:13-15 (“A throttle 

valve 5 arranged in the throttle body 4 adjusts the quantity of intake air. An airflow 

meter 40 measures the mass flow rate of intake air.”); see also EX1013, 14 (“The 

mass air flow rate into the manifold (m ) through the primary throttle body is a 

function of throttle angle ( ), the upstream pressure (P0), which we assume to be 

the atmospheric, i.e., P0 = 1 bar, and the downstream pressure, which is the 

manifold pressure (Pm).”).
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EX1005, FIG. 9 (annotated).

127. Third, the ECU determines (step 212) the target valve timing 

displacement, IVTDt, (i.e., the “valve feedforward term”) based on (1) the Lpa 

(correction coefficient based on the “environmental conditions signal”) and the (2) 

IVTD0 (initial valve timing displacement that is based on the “engine performance 

command”). EX1005, 7:47-8:5. A POSA would have understood the target valve 

timing displacement IVTDt to be a “valve feedforward term” because it is the 

displacement to be imposed on the open/close timing of the intake valve 24 instead 

of a measurement of the actual open/close timing of the intake valve 24 (i.e.,
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feedback). See EX1010, McGraw-Hill Electronics Dictionary, 169 (defining “feed-

forward control” as “Process control in which changes are detected at the process 

input, and an anticipating correction signal is applied before process output is

affected.”).

EX1005, FIG. 9 (annotated).

128. Thus, Yoshioka discloses [1.C]. 

Fig. 9
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[1.D] “receiving an engine performance feedback;”5.

129. The ’540 patent broadly characterizes the claimed “engine 

performance feedback” as encompassing any measureable information relating to 

engine performance including, for example, engine speed or engine torque. 

EX1001, 2:36-47 (“Similarly, the action of receiving an engine performance 

feedback 22 preferably includes receiving the engine performance feedback from 

an engine sensor 32 in the vehicle. The engine sensor 32 preferably senses the 

engine speed and communicates this data to the control unit 10, which uses the 

data to determine the valve feedforward term and the valve feedback term. Other

engine measurables, such as engine torque data, may be useful in the 

determination of the terms. For this reason, the engine sensor 32 may 

alternatively sense other suitable information. The engine sensor 32 is 

preferably a conventional engine sensor, but may alternatively be any suitable 

sensor.”). In my opinion, a POSA would have thus understood the “engine 

performance feedback” to include any measureable information of an engine 

relating to engine performance.

130. Yoshioka discloses “receiving an engine performance feedback.”

Specifically, Yoshioka’s ECU 70 receives signals input from magnetic sensor 54 

and magnetic sensor 55 indicating an actual timing displacement of the intake 

valve 24 for “feedback-control.” EX1005, 5:4-9 (“The crank shaft 81 has a buried 
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magnet 82, so that a first magnetic sensor 54 arranged close to the crankshaft 81 

may generate a reference pulse. The cam shaft 85 of the intake valve 24 has a 

buried magnet 93, so that a second magnetic sensor 55 arranged close to the cam 

shaft 85 may generate a reference pulse.”); 7:42-45 (“To bring an actual 

displacement to the target displacement IVTDt, signals from the first and second 

magnetic sensors 54 and 55 are monitored to feedback-control the hydraulic 

pressure control valve 68.”); 8:5-7 (“To bring the actual displacement of the intake 

valve 24 to the target displacement IVTDt, the hydraulic control valve 68 is 

feedback-controlled.”). This is an “engine performance feedback,” as claimed. 

Fi g.2

A IRFLO METER

VACULA SFNSC

ITRKTTLLE AUR SN0P

43 ITK EEAURE SNSDF

--I

'A T -iEFUO J SATUE SE SOi
0, SENS0R

4'I

REsECoSIINSNO

CRNK ANGLE SENSOR

IDLE SAITCH

VEHICLE SPEED SENSOR [-4-.

71

7573

ROM
A/D

72

RAM

77a

DRV76 77b

DRV
I JT 77c

1/F DRV
77d

DRV

-- E7J r6o

'62

FSSURE B
CCNTRCILVE

4O

34-
5 F- - --I-

i

H-
F-i-

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,557,540



 

- 68 -

EX1005, FIG. 2 (annotated).

131. Accordingly, the actual timing displacement of Yoshioka’s intake 

valve 24 corresponds to the claimed “engine performance feedback.” 

132. Ohkubo similarly discloses a valve timing control apparatus for an 

internal combustion engine having a valve timing detecting means 6, as shown 

below in Figure 1. 

EX1006, FIG. 1.

Specifically, Ohkubo discloses detecting the opening and closing timings of the 

engine intake and exhaust valves by valve detecting means 6 based on an input 

from the cylinder internal pressure supervisory means. EX1006, 3:25-40. The 

control unit 25 having a CPU 26, as shown in Figure 2 below, determines the 
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opening and closing timings of the intake and exhaust valves. Id., 4:46-65. The 

detected opening and closing timings of the intake and exhaust valves are then 

compared with predetermined valve opening and closing timings to calculate 

deviations there between. EX1006, 4:46-65.

EX1006, FIG. 2.

133. Figure 3 of Ohkubo illustrates detecting the actual opening and 

closing timings of the intake and exhaust valves at step 107 by detecting a crank 

angle at which an abrupt change in pressure takes place. Id., 5:38-41. 
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EX1006, FIG. 3.

134. Accordingly, the detected opening and closing timings of the intake 

and exhaust valves (step 107) of Ohkubo also disclose the claimed “engine 

performance feedback.” Should MMT argue, incorrectly, that Yoshioka does not 

disclose the claimed “engine performance feedback,” it would have been obvious 

to implement this known technique of detecting opening and closing timings of the 
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intake and exhaust valves of Ohkubo in Yoshioka. Doing so would have merely 

been applying a known technique to a similar device in the same way. 

135. Thus, Yoshioka and Ohkubo both disclose [1.D]. 

[1.E] “calculating a valve feedback term based on the engine 6.
performance command and the engine performance
feedback”

136. Yoshioka, alone or in combination with Ohkubo, renders obvious

“calculating a valve feedback term based on the engine performance command and 

the engine performance feedback.” Yoshioka, in particular, discloses comparing 

the target timing displacement of the intake valve 24, IVTDt (“valve feedforward 

term,” which is based on the signal from the airflow meter 40—“engine 

performance command”) and the actual timing displacement of the intake valve 24 

(“engine performance feedback”) to control the open/close timing of the intake 

valve 24. EX1005, 6:6-15 (“Valve timing control sets the target open/close timing 

of the intake valve 24 according to operating conditions and controls the 

continuously variable mechanism 92. …”); 7:42-45 (“To bring an actual 

displacement to the target displacement IVTDt, signals from the first and second 

magnetic sensors 54 and 55 are monitored to feedback-control the hydraulic 

pressure control valve 68.”); 7:47-56 (“The second embodiment sets a target 

displacement to be imposed on the open/close timing of the intake valve 24 

according to a detected engine load and decreases the target displacement as an 
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atmospheric pressure becomes lower, to maintain the output of the engine at high 

altitudes under high load, similar to the first embodiment. …”); 8:6-8 (“To bring 

the actual displacement of the intake valve 24 to the target displacement IVTDt, 

the hydraulic control valve 68 is feedback-controlled.”). 

 

EX1005, FIG. 9 (annotated).

137. Yoshioka does not explicitly state that a correction is calculated for 

the intake valve 24 based on this comparison. However, it is my opinion that a 

Fig. 9
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POSA would have understood Yoshioka’s disclosure of “feedback control” to 

mean calculating a correction based on the comparison of the target timing

displacement, IVTDt, and the actual timing displacement of intake valve 24 to

drive the actual timing displacement to the target timing displacement. See

EX1013, 12-13; EX1010, 162, 168 (defining “feedback controller” as “[a] circuit

or element in a closed-loop system that controls the motor or other actuator in a

closed loop system to correct an error signal” and defining “error signal” as “[a]

voltage or current proportional to the difference between the desired and actual

response in a closed-loop system”).

138. It is my opinion that a POSA would have thus understood that in order 

for Yoshioka’s ECU 70 to “bring the actual displacement of the intake valve 24 to 

the target displacement IVTDt,” it calculates a correction to the actual valve timing 

displacement by comparing the actual valve timing displacement and the target 

valve timing displacement IVTDt. 

139. Accordingly, it is my opinion that a POSA would have understood, or 

at least found it obvious, that Yoshioka’s ECU 70 calculates a correction for the 

timing of the intake valve 24 based on the comparison of the target valve timing 

displacement of the intake valve 24 IVTDt (“valve feedforward term,” which is 

based on the signal from the airflow meter 40—“engine performance command”) 
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and the actual valve timing displacement of intake valve 24 (“engine performance 

feedback”).Thus, a POSA would have understood Yoshioka discloses [1.E]. 

140. Should MMT argue, incorrectly, that Yoshioka does not disclose 

“calculating a valve feedback term based on the engine performance command and 

the engine performance feedback,” Ohkubo also discloses calculating a valve 

feedback term based on the engine performance command and the engine 

performance feedback, as claimed. As shown in Figure 1 of Ohkubo, the valve 

timing control apparatus includes a comparison means 8 for “compar[ing] the 

opening and closing timings … detected by the valve timing detecting means 6” 

with predetermined target valve opening and closing timings (from basic valve 

timing map 7) and calculating deviations there between. EX1006, 3:33-40.
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EX1006, FIG. 1.

141. Figure 3 of Ohkubo also 

calculated between each of the detected timing values and the corresponding 

predetermined basic values for valve opening and closing timings; at step 109, it is 

-46. 

appropriate amounts of correction for properly correcting the valve timings are 

calculated. Id., 5:51-54.
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EX1006, FIG. 3.

142. Accordingly, Ohkubo discloses calculating a correction for the timing 

of the intake and exhaust valves based on the comparison of the predetermined 

valve timing of the intake and exhaust valves (“valve feedforward term” based on 

the “engine performance command”) and the actual valve timing of the intake and 

exhaust valves (“engine performance feedback”). 
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143. As described above, Yoshioka and Ohkubo both disclose an ECU 

70/control unit 25 for controlling valve timing to bring actual valve timing to target 

valve timing. And it would have been obvious to combine the known technique of 

calculating a correction for the timing of the intake (and exhaust) valve based on 

the comparison of the predetermined valve timing of the intake (and exhaust) valve 

and the actual valve timing of Ohkubo so that Yoshioka’s ECU 70 may accurately 

“bring the actual displacement of the intake valve 24 to the target displacement 

IVTDt.” It is my opinion that doing so would have merely been applying a known 

technique to a similar device in the same way. See supra Section X.A.

144. Thus, Yoshioka, alone or in combination with Ohkubo, discloses or 

renders obvious [1.E]. 

[1.F] “calculating a valve timing command based on the 7.
valve feedforward term and the valve feedback term.”

145. The ’540 patent broadly characterizes the claimed “valve timing 

command” as encompassing any “suitable parameter” for controlling valve timing. 

EX1001, 3:21-26 (“The action of calculating a valve timing command 26 

preferably includes calculating an EVO command, an EVC/IVO command, and an 

IVC command. The control unit 10, of course, may alternatively include other 

suitable parameters for the control of the variable timing valves.”). It is my 

opinion that a POSA would have thus understood the claimed “valve timing 

command” to include any suitable parameter for controlling valve timing.
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146. Yoshioka discloses “calculating a valve timing command based on the 

valve feedforward term and the valve feedback term.” Specifically, Yoshioka 

discloses that the ECU 70 feedback-controls the valve timing of the intake valve 24 

by calculating an adjustment for the hydraulic pressure control valve 68 based on 

the correction for the timing of the intake valve 24 (“valve feedback term”) from 

the comparison of the target timing displacement IVTDt (“valve feedforward 

term”) and the actual timing displacement of intake valve 24 (“valve feedback 

term”). 

147. Yoshioka, in particular, discloses a continuously variable mechanism 

92 that uses the cam shaft 85 and timing pulley 89 as external gears and connects 

them to each other through an intermediate helical gear, which is axially moved by 

hydraulic pressure controlled by a control valve 68 to drive the cam shaft 85 and 

timing pulley 89 relative to each other. EX1005, 5:10-20. 
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EX1005, FIG. 1 (annotated).

148. Yoshioka sets the target open/close timing of the intake valve 24 (i.e.,

valve opening timing IVO and valve close timing IVC) using the target 

displacement according to operating conditions (e.g., engine load and atmospheric 

pressure). EX1005, 6:6-8, 7:46-56. Once the target displacement IVTDt is set, the 

open/close timing of the intake valve 24 is feedback-controlled using the hydraulic 

pressure control valve 68 according to signals from the first and second magnetic 

Fig. 1
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sensors 54 and 55, so that the cam shaft 85 of the intake valve 24 maintains a 

required rotational phase with respect to the crankshaft 81 (i.e., “bring the actual 

displacement of the intake valve 24 to the target displacement IVTDt.”). EX1005, 

6:6-36; 7:46-56; 8:5-7.

149. In other words, Yoshioka’s ECU 70 calculates an adjustment to the 

hydraulic control valve 68 (“a valve timing command”) based on the correction 

needed to bring the detected actual timing displacement for the open/close timing 

of the intake valve 24 to the target valve timing displacement IVTDt. This valve 

timing command provided to the hydraulic control valve 68 by the ECU 70 is 

shown below in Figures 1 and 2 (in blue). 
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EX1005, FIG. 1 (annotated).
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EX1005, FIG. 2 (annotated). 

150. Thus, Yoshioka discloses [1.F]. 

C. Yoshioka and Ohkubo renders obvious claim 2.

151. Claim 2 depends from claim 1 and recites “said obtaining an engine 

performance command includes receiving a vehicle performance command from a 

driver of the vehicle and deriving the engine performance command based on the 

vehicle performance command.” Yoshioka renders obvious this limitation.

152. The ’540 patent does not purport to have invented obtaining an engine 

performance command by receiving a vehicle performance command from a driver 

of a vehicle. The ’540 patent instead admits that a vehicle performance command 
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is simply “received from the foot of a driver with the use of a conventional pedal” 

to obtain an engine performance command. EX1001, 2:4-8.

153. Yoshioka does not explicitly state that the opening and closing of the 

throttle valve 5 detected by Yoshioka’s throttle opening sensor 42 are based on a 

vehicle performance command from a driver of the vehicle. As discussed above, 

however, a POSA would have understood that a driver would have controlled the 

desired engine acceleration by opening and closing the throttle valve 5 detected by 

Yoshioka’s throttle opening sensor 42, e.g., by depressing a conventional 

accelerator pedal. See supra Section X.B.2. For example, Toboldt discloses that:

The throttle valve is a device for varying the amount of air-fuel 

mixture that enters the intake manifold. This control is necessary so

the speed of the vehicle can be changed. The throttle valve, Fig. 21-5, 

is simply a round disk mounted on a shaft, so that it can be tilted at 

various angles in the carburetor throttle valve body. It is connected by 

means of a suitable linkage to the accelerator pedal in the driving 

compartment of the vehicle. Depressing the pedal opens the throttle 

valve, permitting an increased amount of air-fuel mixture to reach 

the manifold.

EX1011, Toboldt, 239.

154. Bosch similarly described that in “conventional injection systems, the 

driver directly controls the opening of the throttle valve by depressing the 

accelerator pedal” and that the “driver uses the accelerator pedal to vary the throttle 
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valve’s aperture so that the airflow into the engine is varied and with it the engine’s 

power output.” EX1012, 452, 460; see also 478 (“At full load, the accelerator 

pedal is depressed fully and the throttle is wide open (WOT).”), 498 (“In order to 

set the operating state desired by the driver (main function), the position of the gas 

pedal is converted by the microprocessor into a setpoint value for the engine 

torque.”), 501 (“Systems with ETC (electronic throttle control, integrated in the 

engine control unit for ignition, injection and other auxiliary functions) detect the 

position of the accelerator pedal with a pedal-travel sensor (potentiometer). Taking 

into account the current engine operating status, the ECU calculates how far the 

throttle valve needs to open and actuated the throttle-valve drive accordingly (see 

Fig.). A throttle-valve angle sensor (potentiometer) monitors exact compliance 

with the desired throttle-valve position.”), 507 (“The most important torque 

demand derives from the vehicle-operator command generated by the accelerator 

pedal, from the position of which the engine-management system interprets the 

demand to be made on the IC engine for a particular torque.”). 

155. Moreover, Probst discloses that: “Fuel delivery requirements depend 

more than anything else on how much work you are asking the engine to do—on 

how much of a ‘load’ you are placing on it. To accelerate, you step down harder on 

the accelerator.  This opens the throttle valve, increasing manifold pressure. The 

greater pressure difference between the manifold and the cylinders increases air 
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flow, and therefore fuel flow, to increase power and accelerate the car.” EX1016, 

2:7. And even the ’540 patent acknowledges that the claimed “engine performance 

command” can be obtained from a “conventional pedal.” EX1001, 2:6-8.

156. Thus, the combination of Yoshioka and Ohkubo renders obvious 

claim 2.

D. Yoshioka and Ohkubo renders obvious claim 7.

157. Claim 7 depends from claim 1 and recites “said receiving an engine 

performance feedback includes receiving engine speed data.” Yoshioka renders 

obvious this limitation.

158. Yoshioka, in particular, discloses that the signal from the crank angle 

sensor 51 is used to calculate the engine revolution speed NE. EX1005, 7:16-24. 

Moreover, the ECU 70 of Yoshioka receives signals from all of the sensors and 

switches, including the crank angle sensor 51, to provide actuator control signals 

through drive control circuits 77a to 77d. Id., 5:21-30. Figure 2 of Yoshioka, 

below, shows the ECU 70 receiving the signal from the crank angle sensor 51. 
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EX1005, FIG. 2 (annotated).

159. Yoshioka further discloses that the ECU 70 “uses the two-dimensional 

map of engine load and engine revolution speed, to continuously control the 

open/close timing of the intake valve both at low and high highlands, thereby 

smoothing the torque characteristics with respect to the engine load and the throttle 

opening.” EX1005, 9:22-26, 1:9-14 (“The present invention relates to a method of 

and an apparatus for controlling a continuously variable valve timing mechanism 

of an internal combustion engine, to continuously and variably control the 
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open/close timing of an intake or exhaust valve of the engine according to a 

target timing.”). 

160. In my opinion, a POSA would have thus understood that the engine 

revolution speed NE is continuously monitored and fed back to the ECU 70. 

Moreover, it would have been obvious to a POSA to utilize the engine revolution 

speed NE already available to the ECU 70 of Yoshioka when determining the 

target valve timing displacement (“valve feedforward term”) to “continuously and 

variably” control the “open/close timing of the intake valve 24 according to 

operating conditions” and improve fuel efficiency. EX1005, 1:9-14, 6:6-8. Doing 

so would have merely been applying a known technique in a known device to yield 

predictable results. 

161. Thus, Yoshioka renders obvious claim 7. 

E. Yoshioka and Ohkubo renders obvious claim 10.

162. Claim 10 depends from claim 1 and recites “said calculating a valve 

timing command includes calculating an EVO command, an EVC/IVO command, 

and an IVC command.” Yoshioka, alone or in combination with Ohkubo, renders 

obvious this limitation.

163. Figure 3 of Yoshioka, below, illustrates a timing chart showing crank 

angles corresponding to the open/close timing of the intake and exhaust valves 24 

and 26, including: the opening timing IVO and close timing IVC of intake valve 24 
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and the opening time EVO and close timing EVC of exhaust valve 26. EX1005, 

6:16-37.

EX1005, FIG. 3.

164. Yoshioka discloses “continuously and variably controlling the 

open/close timing of at least one of the intake and the exhaust valves of the 

engine,” and in one example, that the “[v]alve timing control sets the target 

open/close timing of the intake valve 24 according to operating conditions and 

controls the continuously variable mechanism 92.” Id., 1:61-2:4, 6:6-8. Yoshioka 

further discloses that “[a]lthough the embodiments variably control the open/close 
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timing of the intake valve 24, the present invention is naturally applicable to 

control the exhaust valve 26, too.” EX1005, 9:35-37. That is, Yoshioka discloses 

varying the valve open/close timing for both the intake valve and exhaust valve—

intake valve 24 opening timing IVO and close timing IVC and exhaust valve 26 

opening timing EVO and close timing EVC.

165. In my opinion, a POSA would have thus understood that by 

controlling the continuously variable mechanism 92 for both the intake and exhaust 

valves 24 and 26, Yoshioka discloses calculating an EVO command, an EVC/IVO 

command, and an IVC command. 

166. Should MMT argue, incorrectly, that Yoshioka does not disclose this 

limitation, Ohkubo also discloses calculating an EVO command, an EVC/IVO 

command, and an IVC command. Specifically, Ohkubo discloses first determining 

the values “for the basic valve timings such as IVo (intake valve opening timing), 

IVc (intake valve closing timing), EVo (exhaust valve opening timing) and EVc 

(exhaust valve closing timing)” from a two-dimensional table map which is stored 

in the NVM 29 (at step 103). EX1006, 5:15-22.
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EX1006, FIG. 3

167. Ohkubo discloses that the EVO, EVC, IVO, and IVC valve timings 

are then detected (at step 107). EX1006, 5:38-39. This is shown below in Figure 4: 
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EX1006, FIG. 4.

168. Then (at step 111), Ohkubo discloses calculating a correction for each 

of the EVO, EVC, IVO, and IVC valve timings, if needed. EX1006, 5:51-54 

(“…the program goes to Step 111 where appropriate amounts of correction for 

properly correcting the valve timings are calculated.”). Based on this explicit 

teaching of Ohkubo, it is my opinion that it would have been obvious to a POSA 

for the ECU 70 of Yoshioka to calculate an EVO command, an EVC/IVO 

command, and an IVC command to “bring an actual displacement to the target 

displacement” as disclosed by Yoshioka. Doing so would have merely been 

applying a known technique in a similar, known device in the same way. See supra

Section X.A.
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169. Thus, Yoshioka, alone or in combination with Ohkubo, renders 

obvious claim 10. 

F. Yoshioka and Ohkubo renders obvious claim 11.

170. Claim 11 depends from claim 1 and recites “further comprising 

receiving fuel conversion data.” Yoshioka renders obvious this limitation.

171. For example, Yoshioka discloses that the ECU 70 receives “an air-

fuel ratio feedback correction according to a signal from the O2 sensor 45 . . . .” 

EX1005, 5:48-55. That is, the “exhaust valve 26 discharges an exhaust gas of the 

combusted air-fuel mixture into an exhaust manifold 30 connected to an exhaust 

pipe 34” such that the O2 sensor 45 detects the concentration of oxygen in the 

exhaust gas. EX1005, 4:48-52. Accordingly, Yoshioka discloses receiving fuel 

conversion data (e.g., the concentration of oxygen in the exhaust gas) from the O2

sensor 45. 

172. Moreover, the use of oxygen (O2) sensors—also referred to as 

lambda sensors—was known in the art as described by Aird: 

The ultimate sophistication is to provide an oxygen sensor (O2 sensor, 

lambda sensor) in the exhaust pipe and to correct the mixture strength 

from moment to moment, based on that information; an excess of O2

calls for a richer mixture, and vice versa. For all these reasons, EFI 

with an injector for each cylinder is unarguably the state-of-the art for 

fuel-air mixing and delivery.
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EX1009, Aird, 33. See also, EX1016, 2:19 (“The source of this feedback is a 

lambda sensor (also called an exhaust-gas sensor, or oxygen sensor), installed 

in the exhaust system. The sensor generates a low-voltage signal; the signal's 

strength is based on the amount of unused oxygen remaining in the exhaust 

stream—an indirect measurement of the air-fuel ratio”).

173. Thus, the combination of Yoshioka and Ohkubo renders obvious 

claim 11.

G. Yoshioka and Ohkubo renders obvious claim 12.

174. Claim 12 depends from claim 11 and recites “said determining a valve 

feedforward term includes determining a valve feedforward term based on the fuel 

conversion data.” Yoshioka in combination with Ohkubo renders obvious this 

limitation.

175. As I discussed above, Yoshioka’s ECU 70 receives an input from the 

O2 sensor 45 indicating fuel conversion data. See supra Section X.F. Yoshioka 

further discloses that the ECU 70 receives the signals from the sensors, including 

the O2 sensor 45, and controls the open/close timing of the intake valve 24 

according to various operating conditions by controlling the continuously variable 

mechanism 92. EX1005, 5:21-24; 6:6-15 (“Valve timing control sets the target 

open/close timing of the intake valve 24 according to operating conditions and 

controls the continuously variable mechanism 92. …”). 
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176. In my opinion, a POSA would have understood that the fuel 

conversion data (e.g., the concentration of oxygen in the exhaust gas) from the O2

sensor 45 is an operating condition of the engine. Thus, a POSA would have at 

least found it obvious for Yoshioka’s ECU 70 to use the signal input from the O2

sensor 45, an operating condition of the engine, to determine the initial valve 

timing target displacement IVTDt (“valve feedforward term”). 

177. Ohkubo similarly discloses the engine having an oxygen sensor 24 to 

sense the concentration of oxygen contained in the exhaust gas discharged from the 

engine cylinder 1 and provides that as an input to control unit 25. EX1006, 4:30-

42. The control unit 25 then uses the input from the sensors, including the oxygen 

sensor 24, to determine optimal opening and closing timings of the intake and 

exhaust valves. Id., 4:46-65. 

178. Indeed, the use of oxygen (O2) sensors to detect fuel conversion data 

was known in the art as described by Aird: 

The ultimate sophistication is to provide an oxygen sensor (O2 sensor, 

lambda sensor) in the exhaust pipe and to correct the mixture strength 

from moment to moment, based on that information; an excess of O2

calls for a richer mixture, and vice versa. For all these reasons, EFI 

with an injector for each cylinder is unarguably the state-of-the art for 

fuel-air mixing and delivery.

EX1009, 33. See also, EX1016, 2:19 (“The source of this feedback is a lambda 

sensor (also called an exhaust-gas sensor, or oxygen sensor), installed in the 
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exhaust system. The sensor generates a low-voltage signal; the signal's strength is 

based on the amount of unused oxygen remaining in the exhaust stream—an 

indirect measurement of the air-fuel ratio”).

179. Thus, it would have been obvious to a POSA to utilize the fuel 

conversion data already available to Yoshioka’s ECU 70 to determine the initial 

valve timing target displacement IVTDt (“valve feedforward term”) as taught by 

Ohkubo to improve fuel efficiency and reduce harmful exhaust components. Doing 

so would have merely been applying a known technique in a similar, known device 

in the same way. See supra Section X.F.

180. Thus, the combination of Yoshioka and Ohkubo renders obvious 

claim 12.

H. Yoshioka and Ohkubo renders obvious claim 13.

181. Claim 13 depends from claim 11 and recites “said calculating a valve 

feedback term includes calculating a valve feedback term based on the fuel 

conversion data.” Yoshioka, alone or in combination with Ohkubo, renders 

obvious this limitation.

182. As I described above, Yoshioka’s ECU 70 receives an input from the 

O2 sensor 45 indicating fuel conversion data, and it would have been obvious to a 

POSA to utilize the fuel conversion data already available to the ECU 70 of 

Yoshioka to determine the initial valve timing target displacement IVTDt (“valve 
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feedforward term”) as taught by Ohkubo to improve fuel efficiency and reduce 

harmful exhaust components. See supra Section X.G.

183. Yoshioka further discloses that the ECU 70 “uses the two-dimensional 

map of engine load and engine revolution speed, to continuously control the 

open/close timing of the intake valve both at low and high highlands, thereby 

smoothing the torque characteristics with respect to the engine load and the throttle 

opening.” EX1005, 9:22-26, 1:9-14 (“The present invention relates to a method of 

and an apparatus for controlling a continuously variable valve timing mechanism 

of an internal combustion engine, to continuously and variably control the 

open/close timing of an intake or exhaust valve of the engine according to a target 

timing.”). 

184. In my opinion, a POSA would have thus understood that the fuel 

conversion data from the O2 sensor 45 is continuously monitored and fed back to 

the ECU 70 to “continuously and variably” control the “open/close timing of the 

intake valve 24 according to operating conditions.” EX1005, 1:9-14, 6:6-8. It

would have also been obvious to a POSA to use the most current fuel conversion 

data from the O2 sensor 45 along with the measured actual valve timing 

displacement to determine the “valve feedback term.” Indeed, by considering the 

input from the O2 sensor 45 when calculating both the “valve feedforward term” 

and the “valve feedback term,” it would have been obvious to a POSA that the 
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valve open/close timings can be more accurately controlled to improve fuel 

efficiency and reduce harmful exhaust components. Doing so would have merely 

been applying a known technique in a similar, known device in the same way. 

185. Thus, Yoshioka, alone or in combination with Ohkubo, renders 

obvious claim 13. 

I. Yoshioka and Ohkubo renders obvious claim 14.

186. Claim 14 depends from claim 1 and recites “further comprising 

receiving engine emissions data.” Yoshioka discloses this limitation.

187. Yoshioka discloses that the ECU 70 receives “an air-fuel ratio 

feedback correction according to a signal from the O2 sensor 45, and an air-fuel 

ratio learning correction to equalize a central feedback correction value to a 

theoretical air-fuel ratio.” EX1005, 5:48-55. That is, the “exhaust valve 26 

discharges an exhaust gas of the combusted air-fuel mixture into an exhaust 

manifold 30 connected to an exhaust pipe 34” such that the O2 sensor 45 detects 

the concentration of oxygen in the exhaust gas. Id., 4:48-52. The quantity of 

oxygen present in the exhaust gas, as measured by the O2 sensor 45 and received 

by the ECU 70 of Yoshioka, represents the level of emissions in the exhaust gas 

(“engine emissions data”). 

188. Thus, the combination of Yoshioka and Ohkubo renders obvious 

claim 14. 
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J. Yoshioka and Ohkubo renders obvious claim 15.

189. Claim 15 depends from claim 14 and recites “said determining a valve 

feedforward term includes determining a valve feedforward term based on the 

engine emissions data.” Yoshioka, alone or in combination with Ohkubo, renders 

obvious this limitation.

190. As I discussed above, Yoshioka’s ECU 70 receives an input from the 

O2 sensor 45 indicating fuel conversion data. See supra Section X.F. Yoshioka 

further discloses that the ECU 70 receives the signals from the sensors, including 

the O2 sensor 45, and controls the open/close timing of the intake valve 24 

according to various operating conditions by controlling the continuously variable 

mechanism 92. EX1005, 5:21-24; 6:6-15 (“Valve timing control sets the target 

open/close timing of the intake valve 24 according to operating conditions and 

controls the continuously variable mechanism 92. …”). 

191. In my opinion, a POSA would have understood that the engine 

emissions data (e.g., the concentration of oxygen in the exhaust gas) from the O2

sensor 45 is an operating condition of the engine. See EX1016, 2:19 (“The source 

of this feedback is a lambda sensor (also called an exhaust-gas sensor, or oxygen 

sensor), installed in the exhaust system. The sensor generates a low-voltage signal; 

the signal's strength is based on the amount of unused oxygen remaining in the

exhaust stream—an indirect measurement of the air-fuel ratio”). It would have thus 
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been obvious to a POSA for the ECU 70 to use the signal input from the O2 sensor 

45, an operating condition of the engine, to determine the initial valve timing target 

displacement IVTDt (“valve feedforward term”). Doing so would have merely 

been applying a known technique in a known device to yield predictable results. 

192. Ohkubo similarly discloses that the engine has the oxygen sensor 24 

to sense the concentration of oxygen contained in the exhaust gas discharged from 

the engine cylinder 1 and provide that as an input to control unit 25. EX1006, 4:30-

42. The control unit 25 then uses the input from the sensors, including the oxygen 

sensor 24, to determine optimal opening and closing timings of the intake and 

exhaust valves. Id., 4:46-65. 

193. It is my opinion that it would have been obvious to a POSA to utilize 

the engine emissions data already available to the ECU 70 of Yoshioka to 

determine the initial valve timing target displacement IVTDt (“valve feedforward 

term”) as taught by Ohkubo to improve fuel efficiency and reduce harmful exhaust 

components. Doing so would have merely been applying a known technique in a 

known device to yield predictable results. See supra Section X.G.

194. Thus, Yoshioka, alone or in combination with Ohkubo, renders 

obvious claim 15. 
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K. Yoshioka and Ohkubo renders obvious claim 16.

195. Claim 16 depends from claim 11 and recites “said calculating a valve 

feedback term includes calculating a valve feedback term based on the engine 

emissions data.” Yoshioka, alone or in combination with Ohkubo, renders obvious 

this limitation.

196. As I discussed above, Yoshioka’s ECU 70 receives an input from the 

O2 sensor 45 indicating engine emissions data, and it would have been obvious to a 

POSA to utilize the engine emissions data already available to the ECU 70 of 

Yoshioka to determine the initial valve timing target displacement IVTDt (“valve 

feedforward term”) as taught by Ohkubo to improve fuel efficiency and reduce 

harmful exhaust components. See supra Section X.G.

197. Yoshioka further discloses that the ECU 70 “uses the two-dimensional 

map of engine load and engine revolution speed, to continuously control the 

open/close timing of the intake valve both at low and high highlands, thereby 

smoothing the torque characteristics with respect to the engine load and the throttle 

opening.” EX1005, 9:22-27, 1:9-14 (“The present invention relates to a method of 

and an apparatus for controlling a continuously variable valve timing mechanism 

of an internal combustion engine, to continuously and variably control the 

open/close timing of an intake or exhaust valve of the engine according to a target 

timing.”). 
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198. In my opinion, a POSA would have thus understood that the engine 

emissions data from the O2 sensor 45 is thus continuously monitored and fed back 

to the ECU 70 to “continuously and variably” control the “open/close timing of the 

intake valve 24 according to operating conditions.” EX1005, 1:9-14, 6:6-8. 

Moreover, it would have been obvious to a POSA to use the most current engine 

emissions data from the O2 sensor 45, along with the measured actual valve timing 

displacement, to determine the “valve feedback term.” Indeed, by considering the 

input from the O2 sensor 45 when calculating both the “valve feedforward term” 

and the “valve feedback term,” it would have been obvious to a POSA that the 

valve open/close timings can be more accurately controlled to improve fuel 

efficiency and reduce harmful exhaust components. Doing so would have merely 

been applying a known technique in a known device to yield predictable results. 

See supra Section V.A.

199. Thus, Yoshioka, alone or in combination with Ohkubo, renders 

obvious claim 16. 

XI. Ground 2: The combination of Yoshioka, Ohkubo, and Reed renders 
obvious claims 3-6, 8, and 9.
A. Rationale for combining Yoshioka, Ohkubo, and Reed

200. In my opinion, a POSA would have been motivated to combine the 

teachings of Yoshioka, Ohkubo, and Reed for multiple reasons, rendering the 
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claims obvious. I discussed the combination of Yoshioka and Ohkubo above in 

Section X.A. See supra Section X.A.

201. First, Yoshioka, Ohkubo, and Reed are from the same field of 

endeavor—control systems for valve timing for an internal combustion engine. 

Yoshioka, Ohkubo, and Reed, in particular, are directed to analogous valve timing 

control systems. See supra Section IX. Like Yoshioka and Ohkubo, Reed discloses 

“…a method of increasing engine torque and/or of reducing engine emissions by 

varying the phasing of either the intake valves or the exhaust valves or both.” 

EX1007, 1:11-14.

202. Reed cites to Yoshioka in the Background of the Invention section, 

stating that Yoshioka “purports to optimize the valve timing so as to improve the 

output of the engine at high altitudes while it is operating under high loads. It also 

purports to reduce the fuel consumption and emissions of the engine at high 

altitudes as it operates under low to medium loads.” EX1007, 6:54-61. However, 

Reed incorrectly concludes that Yoshioka is limited to controlling valve timing of 

only the intake valve. Id., 6:61-65. For example, Yoshioka illustrates a timing chart 

showing crank angles corresponding to the open/close timing of the intake and

exhaust valves 24 and 26, including: intake valve 24 opening timing IVO and close 

timing IVC, and exhaust valve 26 opening timing EVO and close timing EVC. 

EX1005, 6:16-37.
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EX1005, FIG. 3.

203. Moreover, Yoshioka discloses “continuously and variably controlling

the open/close timing of at least one of the intake and the exhaust valves of the 

engine,” and in one example, that the “[v]alve timing control sets the target 

open/close timing of the intake valve 24 according to operating conditions and 

controls the continuously variable mechanism 92.” EX1005, 1:61-2:4, 6:6-8. 

Yoshioka further discloses that “[a]lthough the embodiments variably control the 

open/close timing of the intake valve 24, the present invention is naturally 
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applicable to control the exhaust valve 26 too.” EX1005, 9:35-37. See also supra 

Section X.E.

204. Reed further discloses an engine and electronic control module 

(ECM) 11 having the same components as Yoshioka, including: ECM 11, intake 

valve 18, exhaust valve 21, air flow sensor 36, and O2 (oxygen) sensor 32. 

EX1007, 1:24-29, 1:64-2:10, 2:25-51.
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EX1007, FIG. 1.

205. Reed discloses a method of setting target valve timing similar to that 

of Yoshioka, including measuring aspects of engine performance (e.g., engine 

revolution speed), measuring environmental conditions (e.g., pressure and 

temperature), and determining target valve timing. EX1005, 7:16-8:8; EX1007, 
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12:45-47. Reed further discloses controlling valve timing based on temperature, 

which would have been readily applicable to Yoshioka’s ECU 70 controlling valve 

timing. Indeed, Reed discloses that the desired valve timing should be corrected for 

both pressure and temperature. EX1007, 12:45-47, 13:44-46.

206. While Yoshioka is silent on controlling valve timing based on 

temperature, it would have been obvious to a POSA to combine the teachings of 

Yoshioka (and Ohkubo) and Reed, which would have yielded predictable benefits 

and results—for example, improved valve timing control by accounting for 

pressure and temperature. Indeed, Reed recognized that it is preferable to adjust

the valve timing to accommodate for the effects of both temperature and pressure 

to “improve[] the ability of the engine to deliver the desired torque, produce less 

feed gas emissions, idle more stably, and consume less fuel.” EX1007, Abstract, 

12:45-47, 13:44-46.   

207. In my opinion, a POSA would have had a reasonable expectation of 

success combining Reed with Yoshioka and Ohkubo. While Reed discloses using 

engine temperature to correct valve timing, a POSA would have understood that 

ambient temperature, like ambient pressure, also impacts engine performance. 

208. For example, Jackson recognized in the 1970s that ambient 

temperature impacts engine performance. See EX1014, Jackson, 1:9-29 (“… 

internal combustion engines have several characteristics in common regarding the 
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effect and control of factors which influence the efficiency of fuel conversion to 

useable heat and/or mechanical energy and attendant effects such as noxious 

exhaust component emissions” that “are expected to operate and are operated, 

under varying conditions of load, engine operating temperature, ambient 

temperature and barometric pressure,” and “… all of these variables are known 

to effect the efficien[c]y of fuel conversion to mechanical energy and the attendant 

production of undesirable byproducts or unreacted feed constituents in the form of 

exhaust emissions.”); 1:30-38 (“For example, in the operation of a conventional 

spark ignition gasoline automotive engine, it is known that considerable reduction 

in air-to-fuel ratio, below that required for operation at design operating 

temperatures, is required when the engine is cold. This requirement is due to the 

relatively low volatility of the gasoline fuel at relatively low engine operating 

temperatures thus requiring the injection of higher amounts of fuel per unit 

standard volume of air to obtain adequate performance.”).

209. In my opinion, a POSA would have thus recognized that Reed’s 

technique of correcting valve timing based on temperature as well as pressure, just 

like Yoshioka, was a predictable solution readily applicable to Yoshioka’s ECU 

70. 

210. Moreover, a POSA would have also understood how to combine the 

teachings of Reed with Yoshioka and Ohkubo to control the valve timing. A POSA 
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would have simply used Reed’s implementation details (for example, adjusting 

valve timing using a temperature-correction (in addition to pressure-correction)

and calculating an appropriate amount of correction for the valve timing(s)) in

order to accurately control Yoshioka’s valve timings. And it would have been 

obvious to a POSA to utilize the ambient temperature data already available to the 

ECU 70 of Yoshioka to determine the initial valve timing target displacement 

IVTDt (“valve feedforward term”) by applying a temperature correction coefficient 

as taught by Reed to improve fuel efficiency and reduce engine emissions. 

EX1007, 1:11-14 (“…reducing engine emissions by varying the phasing of either 

the intake valves or the exhaust valves or both.”). 

211. Furthermore, a POSA would have understood that Reed’s valve 

timing correction technique would have been combined in a known way to provide 

the predictable benefits disclosed in Yoshioka to improve the accuracy of 

controlling the valve opening and closing timings to “optimiz[e] valve timing to 

maintain the output of the engine.” EX1005, 2:32-34; EX1006, 6:13-22 (“the air-

intake efficiency and the exhaust-discharge efficiency of the engine can be 

improved, thus increasing the output power of the engine.”). Doing so would have 

merely been applying a known technique in a known device to yield predictable 

results. 
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212. Accordingly, it is my opinion that it would have been obvious to 

combine the teachings of Yoshioka, Ohkubo, and Reed. 

B. Yoshioka, Ohkubo, and Reed renders obvious claim 3.

213. Claim 3 depends from claim 1 and recites “said receiving an 

environmental conditions signal includes receiving ambient temperature data.” 

Yoshioka, alone or in combination with Ohkubo and Reed, renders obvious this 

limitation.

214. Yoshioka discloses that a “temperature sensor 43 detects the 

temperature of intake air” (i.e., ambient air temperature). EX1005, 4:15-16, FIG. 2. 

As shown in Figure 2, below, the ECU 70 receives the signal from the temperature 

sensor 43, along with the “signals from the sensors and switches through an A/D 

converter 75 and an interface 76, processes the signals, and provides actuator 

control signals through drive control circuits 77a to 77d.” Id., 5:26-31. 

Accordingly, the signal received by the ECU 70 includes ambient temperature data 

detected by sensor 43. Id., 4:15-16, 5:26-31.
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EX1005, FIG. 2 (annotated).

215. Thus, Yoshioka discloses receiving ambient temperature data. 

216. Should MMT argue that claim 3 requires using the received ambient 

temperature data to determine the “valve feedforward term,” it is my opinion that it 

would have been obvious to a POSA to use temperature data to determine the 

target valve timing displacement IVTDd (“valve feedforward term”) as taught by 

Reed.

217. As an initial matter, a POSA would have known that atmospheric 

pressure and temperature have a notable impact on the operation of the engine. The 
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number of air molecules present in an engine during combustion, for example, 

varies according to air density, which depends on these two environmental factors 

(i.e., atmospheric pressure and temperature). Specifically, air density is directly 

related to temperature and pressure per the ideal gas law: pv=nRT. Here, p is the 

pressure, v is the volume, n is the number of moles of gas molecules, T is the 

temperature, and R is a constant. EX1012, 59. Thus, as the pressure increases at a 

constant temperature, the number of molecules n available to the engine will 

increase, and if the temperature increases at a constant pressure, the number of 

molecules n available to the engine will decrease. Both of these changes in 

environmental conditions impact engine performance.    

218. Reed discloses that the intake valve timing is varied based on pressure 

and temperature using pressure and temperature-correction values. EX1007, 12:45-

13:20 (“FIG. 7 illustrates an example of a temperature-correction curve Tc. It is 

plotted against engine temperature on the horizontal axis and against the correction 

factor on the vertical axis. It increases monotonically, preferably linearly, until 

temperature TM is reached, at which point the curve Tc has its maximum value, 

unity. When the temperature of the engine 1 [is] less than or equal to temperature 

T1, intake cam phasing is not desired. When the engine temperature lies above T1,

temperature-correction is required. The desired intake cam phaser position is then 

made equal to the value obtained from the table lookup multiplied by the 
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temperature-correction value taken from curve Tc. …”), 15:28-41. That is, Reed 

applies not only a pressure correction value (Pc) when determining valve timing, 

like Yoshioka’s pressure correction coefficient Kpa, but also applies a temperature 

correction value (Tc) to “improve[] the ability of the engine to deliver the desired 

torque, produce less feed gas emissions, idle more stably, and consume less fuel.” 

EX1007, Abstract. 

219. While Reed discloses using engine temperature to correct valve 

timing, a POSA would have understood that ambient temperature, like ambient 

pressure, also impacts engine performance. For example, Jackson recognized in the 

1970s that ambient temperature impacts engine performance. See EX1014, 1:9-29

(“… internal combustion engines have several characteristics in common regarding 

the effect and control of factors which influence the efficiency of fuel conversion 

to useable heat and/or mechanical energy and attendant effects such as noxious 

exhaust component emissions” that “are expected to operate and are operated, 

under varying conditions of load, engine operating temperature, ambient 

temperature and barometric pressure,” and “all of these variables are known to 

effect the efficien[c]y of fuel conversion to mechanical energy and the attendant 

production of undesirable byproducts or unreacted feed constituents in the form of 

exhaust emissions.”), 1:30-38 (“For example, in the operation of a conventional 

spark ignition gasoline automotive engine, it is known that considerable reduction 
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in air-to-fuel ratio, below that required for operation at design operating 

temperatures, is required when the engine is cold. This requirement is due to the 

relatively low volatility of the gasoline fuel at relatively low engine operating 

temperatures thus requiring the injection of higher amounts of fuel per unit 

standard volume of air to obtain adequate performance.”). 

220. In my opinion, it would have thus been obvious to a POSA to utilize 

the ambient temperature data already available to the ECU 70 of Yoshioka to 

determine the initial valve timing target displacement IVTDt (“valve feedforward 

term”) by applying a temperature correction coefficient as taught by Reed to 

improve fuel efficiency and reduce engine emissions. EX1007, 1:11-14 

(“…reducing engine emissions by varying the phasing of either the intake valves 

or the exhaust valves or both.”). Doing so would have merely been applying a 

known technique—adjusting valve timing using a temperature correction 

coefficient—in a known device to yield predictable results—improved engine 

performance. See supra Section XI.A.

221. Thus, the combination of Yoshioka, Ohkubo, and Reed renders 

obvious claim 3. 

C. Yoshioka, Ohkubo, and Reed renders obvious claim 4.

222. Claim 4 depends from claim 3 and recites “said determining a valve 

feedforward term includes determining the valve feedforward term based on the 
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ambient temperature data.” Yoshioka, in combination with Ohkubo and Reed, 

renders obvious this limitation.

223. As I discussed above, Yoshioka discloses receiving ambient 

temperature data, and Reed discloses determining valve timing based on 

temperature data. See EX1005, 4:15-16, 5:26-32; EX1007, 12:45-13:20, 15:28-41;

see also supra Section XI.B. Moreover, it is my opinion that it would have been 

obvious to a POSA to utilize the ambient temperature data already available to the 

ECU 70 of Yoshioka to determine the initial valve timing target displacement 

IVTDt (“valve feedforward term”) as taught by Reed to improve fuel efficiency 

and reduce engine emissions, as described above. EX1007, 1:11-14 (“…reducing 

engine emissions by varying the phasing of either the intake valves or the exhaust 

valves or both.”). Doing so would have merely been applying a known 

technique—adjusting valve timing using a temperature correction coefficient—in a 

known device to yield predictable results—improved engine performance. See 

supra Section XI.A.

224. Thus, the combination of Yoshioka, Ohkubo, and Reed discloses 

claim 4. 

D. Yoshioka, Ohkubo, and Reed renders obvious claim 5.

225. Claim 5 depends from claim 4 and recites “said determining a valve 

feedforward term includes determining the valve feedforward term based on the 
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engine performance feedback.” Yoshioka, in combination with Ohkubo and Reed, 

renders obvious this limitation.

226. Yoshioka does not explicitly state that the target valve timing 

displacement, IVTDt, is set using the actual valve timing displacement. However, 

Yoshioka discloses that the ECU 70 “uses the two-dimensional map of engine load 

and engine revolution speed, to continuously control the open/close timing of the 

intake valve both at low and high highlands, thereby smoothing the torque 

characteristics with respect to the engine load and the throttle opening.” EX1005, 

9:22-27, 1:9-14 (“The present invention relates to a method of and an apparatus for 

controlling a continuously variable valve timing mechanism of an internal 

combustion engine, to continuously and variably control the open/close timing of 

an intake or exhaust valve of the engine according to a target timing.”). That is, 

Yoshioka’s ECU 70 continuously receives the actual valve timing displacement 

(“engine performance feedback”) and sets the target valve timing displacement 

IVTDt (“valve feedforward term”). 

227. It is my opinion that a POSA would have understood that the actual 

valve timing displacement (“engine performance feedback”) is an operating 

condition of the engine. It would have thus been obvious to a POSA to use this 

feedback already available to the ECU 70 of Yoshioka to determine the initial 

valve timing target displacement IVTDt (“valve feedforward term”) to further 
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improve fuel efficiency and optimize valve timing. EX1005, 9:40-43 (“… the 

present invention provides a method of and apparatus for setting optimum valve 

timing according to atmospheric pressure for a continuous variable valve timing 

mechanism of an internal combustion engine.”). Doing so would have merely been 

applying a known technique in a similar, known device in the same way. 

228. And as I discussed above, it would have been obvious to a POSA to 

utilize the engine revolution speed NE (an “engine performance feedback”) already 

available to the ECU 70 of Yoshioka to determine the initial valve timing target 

displacement IVTDt (“valve feedforward term”) to improve fuel efficiency. Doing 

so would have merely been applying a known technique in a similar, known device 

in the same way. See supra Section X.D.

229. Thus, the combination of Yoshioka, Ohkubo, and Reed renders 

obvious claim 5. 

E. Yoshioka, Ohkubo, and Reed renders obvious claim 6.

230. Claim 6 depends from claim 5 and recites “said determining a valve 

feedforward term includes referencing a look-up table with the engine performance 

command, the ambient temperature, and the engine performance feedback.” 

Yoshioka, in combination with Ohkubo and Reed, renders obvious this limitation.
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231. As an initial matter, it was known in the art to use look-up tables/maps 

in engine control systems to account for various operating parameters and 

variables. Probst, for example, described that:

To determine precise timing-advance requirements, each family 

of engines is tested to learn the best timing for each condition of 

speed, load, and other variables in heat and cold, on the dynamometer 

and in the mountains. The goal is to find the timing for best power, for 

best economy, all the while meeting emission limits.

The result of these tests is a series of data “maps”, as shown in 

Fig. 4-4. Literally thousands of data points from these tests are stored 

in the computer memory of the Motronic control unit ROM (Read 

Only Memory) for readout during engine operation. As you may 

know, a ROM cannot be changed. For any combination of engine load 

and rpm, the control unit can supply the best ignition timing. For 

example, for an rpm-input signal of 2000 rpm, at a load signaled by 

the air-flow sensor, the computer would look up the timing advance 

angle, let's say it should be 22 degrees BTDC.

EX1016, 3:29.

232. Moreover, Probst disclosed that: 

The main map in the control unit is a set of lambda memory points 

used to determine the desired air-fuel ratio for the fuel injection 

pulses. The lambda memory map, shown in Fig. 4-8 is derived from 

lab and road tests, and modified for the requirements of the vehicle 

and the country where it will operate:
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.       .       .

Air quantity and the requirements for control of injected fuel 

can vary due to many factors such as manifold-pressure variations 

resulting from individual piston pumping, and intake-valve 

opening/closing.

EX1016, 3:31.

233. Figure 4-8 of Probst illustrates one such map: 

EX1016, FIG. 4-8.

234. Yoshioka, in particular, discloses that the ECU 70 “uses the two-

dimensional map of engine load and engine revolution speed, to continuously 

control the open/close timing of the intake valve both at low and high [loads], 

thereby smoothing the torque characteristics with respect to the engine load and the 

Fig. 4-8. Uibca 'a~e4~~hsan~aor air-fwtlrit
for eachh oad/spe-ed pohnt
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throttle opening.” EX1005, 5:25-26 (“A read-only memory (ROM) 73 stores 

programs and maps.”), 7:36-40, 9:22-27.

235. Ohkubo similarly discloses a basic valve timing map 7 used to 

determine valve opening and closing times. EX1006, 3:33-40, 4:63-65 (“In this 

regard, predetermined optimal valve opening and closing timings are stored in the 

NVM 29 in an appropriate form such as a map.”), 5:15-22. 

236. And Reed also discloses the use of lookup tables to determine desired 

valve timing based on at least two variables such as engine speed and engine load. 

EX1007, 12:27-44.

237. As I discussed above, it is my opinion that it would have been obvious 

to a POSA to use the feedback (e.g., actual valve timing or engine revolution speed 

NE) already available to Yoshioka’s ECU 70 to determine the initial valve timing 

target displacement IVTDt (“valve feedforward term”) to further improve fuel 

efficiency and optimize valve timing. See supra Section XI.D. Moreover, it would 

have been obvious to a POSA to use the existing map/lookup table to determine 

the initial valve timing target displacement IVTDt (“valve feedforward term”) with 

the ambient temperature measurement and engine performance feedback (e.g.,

actual valve timing or engine revolution speed NE). Doing so would have simply 

required a modification of the pre-existing map/lookup table to account for 

additional feedback when determining the initial valve timing target displacement 
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IVTDt, which would have been well within the skill of a POSA at the time. Indeed, 

this would have simply been the use of a known technique (map/lookup tables) in a 

similar device (engine control unit) in the same way. 

238. Thus, the combination of Yoshioka, Ohkubo, and Reed renders 

obvious claim 6. 

F. Yoshioka, Ohkubo, and Reed renders obvious claim 8.

239. Claim 8 depends from claim 1 and recites “said obtaining an engine 

performance command includes obtaining an engine torque command; and wherein 

receiving an engine performance feedback includes receiving engine torque data.” 

Yoshioka, in combination with Ohkubo and Reed, renders obvious this limitation.

240. Yoshioka discloses that the ECU 70 calculates the engine load GN 

based on the mass flow rate of the intake air detected by the airflow meter 40 and 

the engine revolution speed NE and ultimately determines the target valve timing 

displacement, IVTDt, using these values. See supra Section X.B. Reed similarly 

discloses calculating engine load and setting the desired valve timing accordingly. 

EX1007, Abstract, 9:51-53, 10:35-41, 12:27-44, 15:62-16:5. In particular, Reed 

discloses that the engine load is derived from engine torque. EX1007, 14:19-21.

241. Based on the teaching of Reed, it is my opinion that it would have 

been obvious to a POSA for Yoshioka’s ECU 70 to calculate the engine load GN 

based on desired engine torque. Doing so would have simply been the use of a 
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known technique (determining engine load based on desired engine torque) in a 

similar device (engine control unit) in the same way. Yoshioka, in combination 

with Ohkubo and Reed, thus discloses “obtaining an engine performance command 

includes obtaining an engine torque command.” 

242. Moreover, it would have been obvious to a POSA, and in fact a 

natural and logical extension, to monitor the engine torque data as feedback for 

continuous control of the open/close timing of the valve(s) to “thereby smooth[] 

the torque characteristics with respect to the engine load and the throttle opening” 

as described by Yoshioka. EX1005, 9:22-26. Doing so would have merely been 

applying a known technique in a similar, known device in the same way. See supra

Section X.B.

243. Thus, the combination of Yoshioka, Ohkubo, and Reed renders 

obvious claim 8.

G. Yoshioka, Ohkubo, and Reed renders obvious claim 9.

244. Claim 9 depends from claim 8 and recites “calculating a valve 

feedback term includes calculating a valve feedback term based on the engine 

torque command and the engine torque data.” Yoshioka, in combination with 

Ohkubo and Reed, renders obvious this limitation.
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245. As I discussed above, it would have been obvious to a POSA to obtain 

an engine torque command (“engine performance command”) and engine torque 

data (“engine performance feedback”). See supra Section XI.F.

246. Yoshioka further discloses that the ECU 70 “uses the two-dimensional 

map of engine load and engine revolution speed, to continuously control the 

open/close timing of the intake valve both at low and high highlands, thereby 

smoothing the torque characteristics with respect to the engine load and the throttle 

opening.” EX1005, 9:22-27, 1:9-14 (“The present invention relates to a method of 

and an apparatus for controlling a continuously variable valve timing mechanism 

of an internal combustion engine, to continuously and variably control the 

open/close timing of an intake or exhaust valve of the engine according to a target 

timing.”). 

247. It is my opinion that it would have thus been obvious to a POSA to 

use desired engine torque and the engine torque data to determine the “valve 

feedback term.” Indeed, by considering the desired engine torque and the engine 

torque data when calculating the “valve feedback term,” the valve open/close 

timings can be more accurately controlled to improve fuel efficiency and reduce 

harmful exhaust components. Doing so would have merely been applying a known 

technique in a similar, known device in the same way. 
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248. Thus, the combination of Yoshioka, Ohkubo, and Reed renders 

obvious claim 9.

XII. Objective indicia do not support patentability.

249. I understand that the obviousness analysis includes considering 

evidence of secondary indicia of nonobviousness (if available). I understand that 

any secondary indicia of nonobviousness must have a nexus, or a close connection, 

to the novel aspects of the claimed invention. I understand that secondary indicia 

of nonobviousness include the following: commercial success, long-felt but unmet 

need, failure of others, copying, praise in the industry, and unexpectedly superior 

results as compared with the closest prior art.

250. Considering the information I have reviewed, my general knowledge 

of the field of engine control systems, and publications within that and related 

fields, I am not aware of any objective evidence that might support the 

patentability of the claims of the ’540 patent. Further, from my review of the file 

history (EX1002) of the ’540 patent, I did not see that the applicant raised any 

secondary indicia of nonobviousness during prosecution. I am not otherwise aware 

of any publicly available evidence of secondary indicia of nonobviousness. Should 

any alleged secondary indicia of nonobviousness be presented, I reserve the right 

to provide an opinion thereon.
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XIII. Conclusion

In signing this Declaration, I recognize that this Declaration will be filed as 

evidence in an inter partes review before the Patent Trial and Appeal Board of the 

United States Patent and Trademark Office. I also recognize that I may be subject 

to cross-examination in the case and that cross-examination will take place within 

the United States. If cross-examination is required, I will appear for cross-

examination within the United States during the time allotted.

I hereby declare that all statements made herein are made of my own 

knowledge and are true and that all statements made on information and belief are 

believed to be true; and further that these statements were made with the 

knowledge that willful false statements and the like so made are punishable by fine 

or imprisonment, or both, under Section 1001 of Title 18 of the United States 

Code.

Executed on this 24th day of November, 2019.

                                                                 

____________________________
Mark Ehsani, Ph.D., P.E.
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Control Systems 
Energy Storage Systems 
High Voltage Direct Current (HVDC) Power Transmission 
Applications of Microcomputers to Power Control 
Pulsed Power Systems 
Electric Hybrid Vehicles 
High Voltage Engineering 
Electrical Failures and Hazards 

 Advanced Vehicle Power and Propulsion Systems 
Novel Electromagnetic Machines  

 Sustainable Energy and Transportation 
 

 
 
EDUCATION 
 

Ph. D., Electrical Engineering, University of Wisconsin, Madison, 1981 
M. S., Electrical Engineering, University of Texas, Austin, 1974 
B. S., Electrical Engineering, University of Texas, Austin, 1973 

 
 
EXPERIENCE 
 

Educational 
 

1. Assistant Professor, Electrical Engineering, Texas A&M University, August 1981-
1987 
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2. Associate Professor of Electrical Engineering, Texas A&M University, September 
1987-1992 

 
3. Professor, Electrical Engineering, Texas A&M University, 1992-present 
 
4. Director, Texas Applied Power Electronics Center, Department of Electrical 

Engineering, Texas A&M University, 1982-present 
 
5. Director of Advanced Vehicle Systems Research Program, College of Engineering, 

Texas A&M University, 1992-present 
 

Industrial 
 

1. Research Engineer, Fusion Research Center, Austin, Texas, 1974-1977 
 
2. Research Engineer, Argonne National Laboratory, 1977-1981 
 
3. Consultant to over 65 U.S. and International Companies and Government Agencies 

 
PROFESSIONAL SOCIETY MEMBERSHIPS 
 

1. Institute of Electrical and Electronics Engineers (IEEE), since 1970 
2. IEEE Industry Applications Society (IAS) 
3. IEEE Industrial Electronics Society (IES) 
4. IEEE Power Electronics Society (PELS) 
5. IEEE Vehicular Technology Society (VTS) 
6. Society of Automotive Engineers (SAE) 
7. Member, American Energy Society 
8. Registered Professional Engineer, Texas No. 57178 

 
 
HONORS/AWARDS 
 

1. Life Fellow of IEEE 
 
2.  Fellow of SAE 
 
2. Outstanding Young Engineer of the year, 1984, Brazos Chapter, Texas Society of 

Professional Engineers. 
 
3. Prize Paper First Place Award in Power Electronics, IEEE Industry Applications 

Society, 1985 and 1987 Annual Meetings. 
 
4. Engineering Excellence Award ($24,000), College of Engineering, Texas A&M 

University, 1986 and 1987. 
 
5. Chief Editor for Power Systems Series, CRC Press, 1989. 
 
6. General Chair, IEEE-PELS Power Electronics Specialists Conference, 1990. 
 
7. Member of Editorial Board of Electric Machines and Power Systems Journal. 
 
8. IEEE-Industrial Electronics Society Distinguished Speaker. 
 
9. Plenary Session Author in IEEE Power Electronics Specialists Conference for 1990 

and 1991. 
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10. Invited Author at IEEE Applied Power Electronics Conference and Exposition, Boston, 
February 1992. 

 
11. Invited Author at 1992 International Symposium on Power Electronics, Seoul, Korea, 

April 1992. 
 
12. Invited Author at International Aegean Conference on Electrical Machines and Power 

Electronics, Kusadasi, Turkey, May 1992. 
 
13. Prize Paper Third Place Award in Motor Drives, IEEE Industry Applications Society 

1992 Annual Meeting. 
 
14. Invited Author and Panelist at 2nd International Power Electronics Congress, 

Cuernavaca, Mexico, August 1993. 
 
15. IEEE Industry Applications Society Distinguished Speaker and Invited Author at II 

Brazilian Power Electronics Conference, Umberlandia, Brazil, December 1993. 
 
16. Plenary Session Author in IEEE Power Electronics Specialists Conference for 1993. 
 
17. Winner of IEEE IAS 1993 Annual Meeting Prize Paper Award from the Motor Drives 

Committee. 
 
18. Invited Author at Southcon Technical Conference, Orlando Florida, March 1994. 
 
19. Member of the Scientific Committee of the 1st International Power Electronics and 

Motion Control Conference, Beijing, China, June 1994. 
 
20. Invited Author in 1st International Power Electronics and Motion Control Conference, 

Beijing, China, June 1994. 
 
21. Member of the Advisory Committee of Second International Workshop on “The Future 

of Electronic Power Processing and Conversion,” Berg-en-dal, South Africa, August 
1994. 

 
22. General Chairman of 3rd International Power Electronics Congress, Puebla, Mexico, 

August 1994. 
 
23. Listed in Who’s Who in America, 49th through current Editions. 
 
24. Listed in American Men and Women of Science. 
 
25. Listed in Who is Who in the South and Southwest. 
 
26. Invited Short Course in Tel Aviv University, Israel, May 1995. 
 
27. Invited Paper in International Aegean Conference on Electrical Machines and Power 

Electronics, Kusadasi, Turkey, June 1995. 
 
28. Member of Steering Committee, World Congress of Industry Leaders and Educators, 

Fair of Engineering Innovations and UNESCO-UNISPAR Seminar, sponsored by 
Jozef Zych, Speaker of Polish Parliament, October 1996. 

 
29. Invited Short Course on “Sensorless variable reluctance machines,” IEEE Industry 

Applications society 1996 Annual Meetings, October 1996. 
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30. Member of Steering Committee of the 1st International Congress in Israel on Energy, 
Power & Motion Control, Tel-Aviv, Israel, November 1996. 

 
31. Honorary Professor of Electrical Engineering, The University of Hong Kong, 1996. 
 
32. Blue Ribbon University Lecture at US Department of Transportation, Research and 

Special Programs Administration, “Electrically Peaking Hybrid (ELPH) Vehicles: A 
Sustainable Technology for the 21st Century,” Washington, DC, April 25, 1997. 

 
33. Mahdavi, A. Emadi, M. D. Bellar and M. Ehsani, “Analysis of Power Electronic 

Converters Using the Generalized State Space Averaging Approach,” Invited Paper for 
Special Issue of IEEE Transactions on Circuits and Systems on Simulation, Theory and 
Design of Switched Analog Networks, IEEE Trans. on Circuit s and Systems, vol. 44, 
no. 8, August 1997. 

 
34. Invited Paper on “Soft Switching Motor Drive Inverters for Electric and Hybrid 

Vehicles,” in IEEE Industrial Electronics Annual Meeting, IECON’97, New Orleans, 
Louisiana, November 1997. 

 
35. Invited Panelist on “Trends in Power Electronics and Motor Drives,” Invited Paper in 

IEEE Industrial Electronics Annual Meeting, IECON’97, New Orleans, Louisiana, 
November 1997. 

 
36. Elected IEEE Industry Applications Society Distinguished Lecturer, 1998-99. 
 
37. Invited Lecture, entitled “Modern Motor Drives for Industrial and Product 

Applications,” IEEE Chapter Meeting, Little Rock Arkansas, January 22, 1998. 
 
38. National Science Foundation Site Reviewer for NSF Center Proposal, Blacksburg, 

Virginia, Jan. 19-22, 1998. 
 
39. Invited Speaker, IEEE Power Engineering Society Section Meeting, Columbus, Ohio, 

March 31, 1998. 
 
40. Key Note Speaker, Southeast Michigan Section Spring Meeting, April 2, 1998, 

Dearborn, Michigan. 
 
41. Invited Key Note Speaker on “State of The Art in Power Electronics and Motor 

Drives,” Vicenza Trade Fair and Workshop, Vicenza, Italy, May 15, 1998. 
 
42. Invited Seminar at Toshiba Small Motor Development Center, “Advanced Switched 

Reluctance Motor Drives for Industrial and Traction Applications,” July 14, 1998. 
 
43. M. Ehsani, R. Velayutham, S. Gopalakrishnan, and B. Fahimi, “Sensorless Control of 

Switched Reluctance Motor: a Technology Ready for Applications,” Invited Paper, 
International Conference on Electrical Machines, Istanbul, Turkey, September 2-4, 
1998. 

 
44. Member of Program Committee, International Conference on Electronics, October 

1998, Oran, Algeria. 
 
45. Invited Paper, entitled “Switched Reluctance Motor Drives: State of the Art and 

Applications,” 1998 Special Issue of Indian Academy of Sciences. 
 
46. Member International Steering Committee, The IEEE International Symposium on 

Diagnostics for Electrical Machines, Power Electronics and Drives, Gijon, Spain, 
September, 1999. 
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47. Organizer and Plenary Paper Presenter for Invited Session at 1999 International al 

Federation of Automatic Control (IFAC) World Congress in Beijing, China: Advances 
in Rear-Time DSP Control of Stiff Systems. 

 
48. Organizer Presenter for Tutorial Session at 1999 American Control Conference (ACC) 

in San Diego, California: Advances in Real-Time Control of Motor Drive Systems. 
 
49. Listed in Dictionary of International Biography, Cambridge, England, 27th Edition, 

1999. 
 
50. Member of International Steering Committee of IEEE International Power Electronics 

Congress, Acapulco, Mexico, 2000. 
 
51. Member of Technical Program Committee of Forth International Power Electronics 

Conference (IPEC-Tokyo 2000). 
 
52. Member of Technical Program Committee of 3rd International Power Electronics and 

Motion Control Conference (IPEMC, 2000). 
 
53. Appointed as the Distinguished Lecturer of IEEE Power Engineering Society, 1999-

2000. 
 
54. Member of International Steering Committee of the 1999 IEEE International 

Symposium on Diagnostics for Electrical Machines, Power Electronics and Drives, 
September 1-3, Spain. 

 
55. Invited Seminar to the Local Chapter of IEEE in Istanbul, Turkey on “State of the Art 

in Power Electronics and Motor Drives,” August 27, 1998. 
 
56. Invited Seminar to the Local Chapter of IEEE in Paris, France on “An Over View and 

State of the Art in Hybrid Electric Vehicles,” September 23, 1999. 
 
57. Invited Seminar to the Local Chapter of IEEE in Heidelburg, Germany on “State of the 

Art and Recent Applications of Switched Reluctance Motor Drives,” November 19, 
1999. 

 
58. Invited Seminar at the Swiss Federal Institute of Technology on “State of the Art on 

Sensorless Switched Reluctance Motors,” Zurich, Switzerland, May 9, 2000. 
 
59. Invited Short Course at Tel Aviv University on “Hybrid Electric Vehicles,” Tel Aviv, 

Israel, May 23-25, 2000. 
 
60. Invited Seminar at Techneon University on “State of the Art on Electric and Hybrid 

Vehicles,” Haifa, Israel, May 29, 2000. 
 
61. Invited Presentation in First Snead Research Institute Workshop on Fuel Cell Hybrid 

Track Vehicles, August 1-3, 2000, Georgetown, Texas. 
 
62. Advisor to the Board of Directors of Snead Research Institute. 
 
63. Listed in International Who’s Who of Professionals, 2001. 
 
64. Member of International Steering Committee of VII IEEE Power Electronics Congress, 

Acapulco, Mexico, October 2000. 
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65. Reference Publications Listed in Infography Publishers’ Fields Of Knowledge.com, in 
Switched Reluctance Motor Drives, Solid State Power Systems, Brushless DC Motor 
Drives, Hybrid Electric Vehicles, and Synchronous Reluctance Motor Drives. 

 
66. Appointed as a Member of Committee on Next Generation Materials and Processes for 

Advanced Hybrid Power Systems, National Materials Advisory Board, National 
Research Council, National Academy of Engineering, September 2000. 

 
67. Member of International Steering Committee of CIEP’02, Guadalajara, Mexico. 

 
68. Panelist on hybrid electric vehicles, National Academy of Engineering Mini-

Symposium, March 19, 2001, College Station, Texas. 
 

69. Selected for Ruth & William Neely/ Dow Chemical Faculty Fellow of the College of 
Engineering for 2001-2002, for “contributions to the Engineering Program at Texas 
A&M, including classroom instruction, scholarly activities, and professional service”. 

 
70. Member of Steering Committee of International Aegean Conference on Electrical 

Machines and Power Electronics, Kusadasi, Turkey, June 2001. 
 

71. Invited paper at the SAE 2001 Future Transportation Technology Conference, Costa 
Mesa, CA, August 2001, “42V Automotive Power Systems”. 

 
72. Winner of 2001 Avant Garde Award from IEEE Vehicular Technology Conference for 

“Contributions to the Theory and Design of Hybrid Electric Vehicles.” 
 

73. Listed in Cambridge International Biographical Center, Who’s Who in the 21st 
Century. 

 
74. Invited external Ph. D. examiner on hybrid vehicle technology at the University of 

Vallenciennes, France, Jan. 4, 2002. 
 

75. Guest Editor, Special Issue on Switched Reluctacne Motor Drives, IEEE Transactions 
on Industrial Electronics, Vol. 49, No. 1, Feb. 2002. 

 
76. Winner of 2003 IEEE Undergraduate Teaching Award, with the following citation: 

“For outstanding contributions to advanced curriculum development and teaching of 
power electronics and drives.” 

 
77. Member of International Steering Committee of 2003 International Power Electronics 

and Motion Control Conference, Xi’an, China. 
 

78. Elected Distinguished Speaker of IEEE Vehicular Technology Society, 2003-2004. 
 

79. Winner of Texas A&M Technology Licensing Office “Spirit of Innovation Award for 
the 2000th Disclosure”, 2003. 

 
80. Listed in the International Biographical Center of Cambridge, England Outstanding 

People of 20th Century. 
 

81. Selected as an International Educator of the Year for 2003 by International 
Biographical Center of Cambridge, England. 

 
82. Appointed to Research Visionary Board, Chief Technology Office, Motorola 

Corporation, 2003. 
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83. Invited for Distinguished Lecture in the Department of and Computer Engineering 
Illinois Institute of Technology, Chicago, Ill. August 29, 2003. 

 
84. Selected for Texas A&M College of Engineering BP Amoco Faculty Award for 

Teaching Excellence, 2003. 
 

85. Associate Editor of International Journal of Electrical Engineering in Transportation 
 

86. “Integrated Biofuel-Vehicle System”, Key Note address given at the opening of the 
2004 IEEE-VTS Vehicle Power and Propulsion Symposium in Paris, France, October 
4th, 2004 

 
87. Elected to the Robert M. Kennedy endowed Chair of Electrical Engineering in 2004. 

 
 

88. Served on the National Research Council Review Committee for NASA LEAP 
Program proposals, 2005. 

 
89. Elected as Fellow of Society of Automotive Engineers (SAE). 

 
90. Served on Motorola Corporation Research Visionary Board, 2005. 

 
91. Listed in Who’s Who in American Education. 

 
92. Listed in Who’s Who in Science and Engineering. 

 
93. Listed in Who’s Who in Finance and Business 

 
94. Listed in Who’s Who in South and Southwest 

 
95. Listed in Who’s Who in America 

 
96. Listed in Covington Who's Who 

 
97. Member of international steering committee, 5th International Power Electronics and 

Motion Control Conference (IPEMC2006), shanghai,China , August of 2006. 
 

98. Key Note Speech Presenter, IEEE Vehicle Power and Propulsion Conference/ SAE 
Future Transportation Technology Conference Joint session, “Integrated Biofuel 
Vehicle Systems,” September 7, 2005, Chicago, Illinois. 

 
99. Member of National Research Council Panel for Decadal Survey of Civil Aeronautics, 

2005-2006. 
 

100. Key Note Speaker, ELECO 2005, “A Vision of Sustainable Vehicles and Fuel 
Technologies,” Istanbul, Turkey. 

 
101. Key Note Presentation, IEEE Vehicle Power and Propulsion Conference, VPPC, “ A 

Vision of Renewable Energy and Sustainable Transportation,’ Windsor, England, 
September, 2006. 

 
102. Member of the Advisory Committee and Key Note Speaker of  Automotive Research 

Association of India Electric and Hybrid Electric Vehicles Conference, December 18-
20, 2006, Pune, India. 

 
103. Member of Italian Ministry for University and Research International Review Panel. 
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104. Member of Hong Kong Scientific and Engineering Review Panel. 
 

105. Recipient of International Biographical Center, Cambridge, England, 21st Century 
Award for Achievement. 

 
106. Listed in Who’s Who in America, 61st Edition, 2007. 

 
107. Member of Advisory Board of Automotive X Prize Foundation, Inc. 

 
108. Member of the Steering Committee of International Conference on Electrical and 

Electronics Engineering, ELECO’2006 & ELECO'2007. 
 

109. 2007 Innovation Award, Texas A&M Technology Lisencieng Office. 
 

110. Key Note Speaker, MIT Automotive Consortium meeting, Seatle, WA, April, 2007. 
 

111. Key Note Speaker, IEEE Vehicle Power and Propulsion Conference, VPPC07, 
“Sustainable Fuel and Vehicle Technologies: Update on Progress & Problems,” 
Arlington, Texas, September 10-12, 2007. 

 
112. Key Note Speaker, IEEE Vehicle Power and Propulsion Conference, VPPC 08, “ 

Issues on Sustainable Energy and Transportation,” Harbin, China, September 3, 2008. 
 

113. Member of Steering Committee, 6th IEEE International Power Electronics and Motion 
Control Conference (IPEMC 2009), Wuhan, China, during May 17-20, 2009. 

 
114. Listed in Who’s Who in Finance and Business. 

 
115. IEEE Vehicular Technology Society 2008 VTS Outstanding Service Award. 

 
116. Member, Automotive X PRIZE Development Advisory Board. 

 
117. Key Note Speaker at IEEE Vehicle Power and Propulsion Conference, VPPC 09 “ 

Sustainable Energy Engineering,” Dearborn, Michigan, September 2009. 
 

118. Invited short Course, Technological University of Panama, “Sustainable energy 
engineering,’ June, 2010. 

 
119. Winner of 2011 Texas A&M University System Patent and Innovation Award. 

 
120. Inaugural ABB Distinguished Lecturer, North Carolina State University, March 2012. 

 
121. Member of the organizing committee, Power Train Modeling and Control Conference, 

PMC2012, September 4-6, 2012. 
 

122. Winner of Texas A&M University Office of Technology Commercialization Patent 
and Innovation 2012 Award. 

 
123. Technical Advisor to the government panel on National Integrated Sustainable Power 

System of Pananam-2050. 
 

124. Panelist: Aspen Clean Energy Round Table, June 4-6, 2012. 
 

125. Member of Organizing Committee, TMC 2012 (Testing, Mapping and Calibration 
Conference) 4th to 6th of September 2012, University of Bradford, West Yorkshire, 
UK. 

 

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,557,540



 
10 

126. Key note speaker and Program Co-Chair, 2012 International Conference on Connected 
Vehicles & Expo (ICCVE 2012), December 2012, Beijing, China. 

 
127. Key Note speaker at IEEE Green Technologies Conference, Denver, Colorado, April 4-

5, 2013. 
 

128. Invited Distinguished Lecture, “Sustainable Energy Engineering,” University of 
Colorado, Boulder, September 19, 2013. 

 
129. Listed in "Who's Who in North American Education (2014-2015 Edition)." 

 
130. Key note on “Sustainable Energy and Transportation Engineering” at IEEE Green 

Tech’14, Corpus Christi, Texas, April, 2014. 
 

131. Keynote on “Sustainable Energy Engineering” at 3rd International Conference in 
Renewable Energy Research and Applications, Milwaukee, October 2014. 

 
132. IEEE Vehicular Technology Distinguished Lecture “ Evolution of Electric Drivetrain,” 

McGill-IEEE Symposium on Advanced Electric Vehicle Drivetrains, November 14, 
2014, Montreal, Canada. 

 
133. Invited seminar at University of Texas at Austin, Energy Institute, “Engineering and 

Socio-economic aspects of sustainable energy,” January 22, 2015. 
 

134. M. Ehsani, “Confluence of Fossil and Sustainable Energy Sources,”  keynote at IEEE Green Tech’15, 
New Orleans, April, 2015. 

 
135. Elected to IEEE Life Fellow, 2015. 

 
136. IEEE Power Engineering Society Distinguished Lecture on sustainable energy, Austin, Texas chapter, 

February 23, 2016. 
 

137. Invited keynote at 3rd  Biennial International Conference on Powertrain Modelling and Control Testing, 
Mapping and Calibration, Loughborough University, UK, September 7, 2016. 

 
138. Invited honorary lectures on “Electrification of Vehicles” at the Gordon Institute, Tel Aviv University, 

Israel, June 2017. 
 

139. Guest Editor of IEEE Transactions on Energy Conversion Special Edition on “Emerging Electric 
Machines and Drives for Smart Energy Conversion,” 2017. 

 
140. Invited IEEE Power Engineering Society Distinguished Speaker on “An Over View of High Voltage DC 

Power Transmission,” Austin, Texas, March 2018. 
 

141. Invited IEEE Power Engineering Society Distinguished Speaker on “Engineering and Socio-Economic 
Aspects of Sustainable Energy and Transportation,” San Diego, California, April 2018. 

 
142. Recipient of IEEE Vehicular Society Outstanding Contribution Recognition certificate, 2015-2018. 

 
143. Honorary Lecture on “Engineering and Socio-Economic Aspects of Sustainable Energy and 

Transportation”, Texas A&M University, Kingsville, October, 2018. 
 

144. Listed in Who’s Who in America, 2019 edition. 
 

145. Best Paper Award, “A Review of the More Electric Aircraft Power Electronics,” Texas Power 
and Energy Conference (TPEC), College Station, Texas, February, 2019. 
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146. Invited keynote “ Engineering and Socio-Economic Aspects of Sustainable Energy and 
Transportation,” 2019 MIT Applied Energy Symposium, May 22-24, 2019. 

 
 
ACADEMIC CHAIRS 
 

 Halliburton Professorship-1992. 
 Dresser Industries Professorship-1994. 
 Robert M. Kennedy endowed Chair of Electrical Engineering, since 2004. 

 
SAMPLE SHORT COURSES 
 

1. Invited Short Course offered by Electric Power Research Institute (EPRI), Power 
Electronic Applications Center (PEAC), June 1989. 
 

2. Invited Short Course in IEEE Applied Power Electronics Conference Exposition, 
Dallas, March 1991: “Pulse Width Modulation: Fundamentals and Implementation.” 

 
3. Invited Short Course in IEEE Applied Power Electronics Conference Exposition, San 

Diego, March 1993: “Technology Simplification in Switched Reluctance Motor 
Drives.” 

 
4. Invited Short Course at Tel Aviv University, November 1993: “Super Conductive 

Magnet Power Supplies.” 
 
5. Invited Short Course in IEEE Applied Power Electronics Conference and Exposition, 

Orlando, Florida, February 1994: “High Power Soft Switched Converters.” 
 
6. Invited Short Course in IEEE Applied Power Electronics Conference and Exposition, 

Dallas, Texas, March 1995: “Electric Drives in Electric and Hybrid Vehicles.” 
 
7. Invited Short Course at GM Proving Grounds in Milford, MI and Mesa, AZ, 

September/October, 1995: “Electric Drives in Electric and Hybrid Vehicles.” 
 
8. Invited Short Course at LeTourneau, Longview, Texas and Texas Instruments, Dallas 

Texas, January 12 & 26, 1996: “Design and Control of Switched Reluctance Motor 
Drives.” 

 
9. Invited Short Course at IEEE Industry Applications Society 1996 Annual Meeting, San 

Diego, California, October 6, 1996: “Sensorless Variable Reluctance Motors.” 
 
10. Invited Short Course at Tel Aviv University, May 22-25, 2000: “Design and 

Simulation of Electric and Hybrid Electric Vehicles.” 
 

11. Invited Short Course at Hanyang University, Seoul, Korea, June 26, 2000: “State of the 
Art of Brushless DC Motor and Switched Reluctance Motor Drives.” 

 
12. Invited Short Course at LG Electronics Company, Seoul, Korea, June 27, 2000: 

“Sensorless Controls and Reduced Parts Converters for the Advanced BLDC and SRM 
Drives.” 

 
13. Invited Short Course at Hyundai Motor Company, Suwon, Korea, June 28, 2000: 

“Design and Control of Electric and Hybrid Electric Vehicles.” 
 
14. Invited Short Course at Korean Electromagnetic Research Institute (KERI), Changwon, 

Korea, June 29, 2000: “Design and Control of Switched Reluctance Motors and 
Electric and Hybrid Electric Vehicle” 
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15. Sensorless Brushless DC Motor Drives for Integrated in-line automotive Pump 

Applications, Short course given at EMP Corp. Escenaba, Michigan, August, 2004. 
 

16. “Control of BLDC Machines with Improved Performance”, U.S. Army Vetronics 

Institute 3rd Annual Winter Workshop, Jan  13, 2004, U.S. Army Tank-Automotive 
RD&E Center Warren, MI 

 
17. “Control of the BLDC machine with improved performance”, Short Course, June 2004, 

Tel Aviv University, Israel. 
18. “ Advanced Mobile Integrated Power System (AMPS)”, Short Course, January 2005, 

US Army Tank Automotive Command (TACOM), Warren, Michigan. 
19. “ Vehicle Power systems”, Short Course, January 2006, US Army Tank Automotive 

Command (TACOM), Warren, Michigan. 
20. “ Short Course on Hybrid Electric Vehicle”, TUBITAK Marmara Research Center, 

TURKE, Dec. 2005. 
21. IEEE Vehicular Technology Distinguished Lecture, Isreal Chapter, Tel Aviv, Dec. 

2005. 
22. “ Short Cours on Advanced Controls for Brushless DC Motor Drivres,” IEEE Applied 

Power Electroncis Conference, Dallas, Texas, March, 2006. 

23. M. Ehsani, “Short Course on Sustainable Energy Engineering,” University of Tel Aviv, December 2010, 
invited short course. 

24. M. Ehsani “Short Course on Sustainable Energy and Transportation,” Technical University of Panama, 
June 2010, invited short course. 
 

 
. 

PROFESSIONAL COMMITTEE MEMBERSHIPS (past or present) 
 

IEEE Power Electronics Society (PELS) Administrative Committee  
IEEE Industry Applications Society (IAS) Executive Committee. 
IEEE Myron Zucker Faculty-Student Grant Program Chairman. 
IEEE IAS Industrial Power Converter Committee (IPCC), Chairman. 
IEEE-PELS Meetings Committee Member. 
IEEE-IAS Industrial Drives Committee Member. 
IEEE IAS Education Committee Member. 
IEEE-PELS Power Electronics Specialists Conference Program Committee Member. 
IEEE 1994 Power Electronics Specialists Conference Topic Chairman in “Motor Drives” 
IEEE Power Electronics Society Energy Committee Chairman 
Editorial Board of Electric Machines and Power Systems Journal Member 
IEEE Power Electronics Society Chairman of Education Committee 
IEEE Power Electronics Society Intersociety Liaison  
IEEE Transactions on Industrial Electronics, Associate Editor 
IEEE Transactions on Vehicular Technology, past Associate Editor 

 IEEE Vehicular Technology Society Chairman of Vehicle Power and Propulsion 
Committee 

Vehicular Technology Society Chairman of Convergence Fellowship Committee 
 Member of IEEE Vehicular Technology Society Board of Governors 
 Member of IEEE Vehicular Society Fellows Nominations Committee 
 Chair of IEEE Vehicular Technology Society, Vehicles Committee 
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UNIVERSITY SERVICE 
 

1. Member, Graduate Studies Committee, since 1982. 
 
2. Member, Electrical Engineering Administrative Council, Hiring Committee, 1986. 
 
3. Member, Doctor of Engineering Program Committee, Electrical Engineering 

Department, 1989. 
 
4. Founding Member, Deans Committee on Engineering Scholars Program, College of 

Engineering, 1988, 1989, 1990, 1991. 
 
5. Electric Power Institute (EPI) member. 
 
6. Texas A&M Metermens School Lecturer, 1982-present. 
 
7. Member, Department Awards Committee, 1992-present. 
 
8. Chairman of the University Council of Principle Investigators, 1994-1995. 
 
9. Member of Interdisciplinary Research Task Force, 1994. 
 
10. Member of University Research Council Subcommittee on Conflict of Interest, 1994-

1995. 
 
11. Member of Departmental Awards Committee, 1995. 
 
12. Member of Departmental Tenure and Promotion Committee, 1996- 1997. 
 
13. Faculty Advisor to IEEE Student Chapter of Power and Power Electronics at Texas 

A&M University. 
 
14. Member of Departmental Advisory Committee, 1999-2005. 
 
25. Member Departmental Tenure and Promotion Committee, 2000-2002. 
 
26. Member Departmental Distinguished Lecturer Selection Committee, 2003- 2005. 

 
27. Member Departmental Tenure and Promotion Committee, 2008-present. 

 
28. Chair of Department Awards commit 2011.  

 
29. Departmental Representative at the Engineering Faculty Advisory Committee, EFAC, 

College of Engineering. 
 

30. Member, Departmental Graduate and Admissions Committee. 
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PUBLICATIONS 
 

Books 
 

1. Co-author: IEEE Guide for Self-Commutated Converters, ANSI/IEEE Std. 936, 1987. 
 
2. Converter Circuits for Superconductive Magnetic Energy Storage, Co-Author: R. L. 

Kustom, Texas A&M University Press, 1988. 
 
3. Contributor of Chapter on “Switched Reluctance Motor Drives” to Encyclopedia of 

Electrical and Electronics Engineering, John Wiley & Sons. 
 
4. Contributor of Chapter on “Harmonic and Power Factor Control” to Encyclopedia of 

Electrical and Electronics Engineering, John Wiley & Sons. 
 
5. Modern Electrical Drives, Co-Author: H. B. Ertan, et al., Klewar Academic Publishers, 

2000, printed in the Netherlands. 
 
6. Contributor of a chapter on “ More Electric Vehicles” to CRC Handbook of Power 

Electronics, 2002. 
 
7. Contributor of a chapter on “More Electric Aircraft” to CRC Handbook of Power 

Electronics, 2002. 
 

8. Contributor to SAE book “Hybrid Electric Vehicles,” SAE SP-1633, published in 
2001.  

 
9. Co-author, “Combat Hybrid Power Systems Technologies, Technical Challenges and 

Research Priorities,” a report of National Research Council of the National Academies, 
2003. 

 
10. Vehicular Electric Power Systems, my Co-Authors: A. Emadi & JM Miller, Marcel 

Dekker, Inc. 2004. 
 

11. Chapters contributor, “The 42-Volt Electrical System,” Book, Society of Automotive 
Engineers, Inc. PT-99, ISBN 0-7680-1297-X, 2003. 

 
12.  “Modern Electric, Hybrid Electric, and Fuel Cell Vehicles – Fundamentals, Theory, 

and Design”, M. Ehsani, Y. Gao, S. E. Gay, A. Emadi, CRC Press, 2005. 
 

13. Contributor of chapter on “Hybrid Drive Trains” to “Handbook of Automotive Power 
Electronics and Motor Drives” CRC Press, 2005. 

 
14. “Modern Electric, Hybrid Electric, and Fuel Cell Vehicles – Fundamentals, Theory, 

and Design”, M. Ehsani, Y. Gao, A. Emadi, CRC Press, Second Edition, 2010. 
 

15. “Encyclopedia of Sustainability Science and Engineering” ISBN 978-0-387-89469-0, 
Springer, 2012.  

 
16. “Transportation Technologies for Sustainability: Selected Entries from the 

Encyclopedia of Sustainability Science and Technology”, ISBN 978-1-4614-5843-2, 
Springer, 2013. 

 
17. “Alternative Fuels and Advanced Vehicle Technologies for Improved Environmental 

Performance: Towards Zero Carbon Transportation,” ISBN: 978-0-85709-522-0 
Woodhead Publishing, March, 2014. 
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18. “Modern Electric, Hybrid Electric, and Fuel Cell Vehicles – Fundamentals, Theory, and Design”, M. 

Ehsani, Y. Gao, S. Longo, K. Ebrahimi, CRC Press, 3rd Edition, 2018. 
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valve timing mechanism of an internal combustion engine to
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according to the atmospheric pressure PA. to find an atmo-

spheric pressure correction coefficient Kpa. which is 1.0 at

low altitudes with PA=760 mmlig and decreases as the
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decreases, calculates a corrected engine load GNpa as

GNpa<-GN/Kpa. and refers to a map according to the

corrected engine load GNpa and engine revolution speed

NE. to find a target displacement to be imposed on the
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1

METHOD OF AND APPARATUS FOR
CONTINUOUSLY AND VARIABLY

CONTROLLING VALVE TIMING OF
INTERNAL COMBUSTION ENGINE

BACKGROUND OF THE INVENTION

1. Field of the Invention
The present invention relates to a method of and an

apparatus for centrolling a continuously variable valve tim-
ing mechanism of aninternal combustion engine, to con-
tinuously and variably control the open/close timing of an
intake or exhaust valve of the engine according to atarget
timing.

2. Description of the Related Art
There are many variable mechanisms that optimize the

open/close timing of a valve of an automobile engine
according to driving conditions. One of them is an ON/OFF
mechanism. which changes the timing of an intake valve of
the engine from normal timing to early timing when an
engine load exceeds a switching threshold. Japanese Unex-
amined Utility Model Publication No. 3-99844 decreases the
switching threshold or increases a detected engine load in
response to a decrease in atmospheric pressure, to optimize
the valve timing.

To provide high-performance engines, continuously vari-
ablevalvetimingmechanismsforoptimizingvalvetimingat
all times have been developed in place of the ON/OFF
mechanisms, as disclosed in Japanese Unexamined Patent
Publication No. 4-175430 (corresponding to U.S. Pat. No.
5.271360). This mechanism continuously changes the open/
close timing of a valve, and therefore, never employs the
idea of changing the switching threshold in response to a
change in atmospheric pressure. There is a requirement.
therefore, to provide a method of property controlling the
continuously variable valve timing mechanism

SUMMARY OF THE INVFTION

An object of the present invention is to provide a method
of and an apparatus for optimizing valve timing according to
atmospheric pressure for a continuously variable valve tim-
ing mechanism of an internal combustion engine.

The present invention intends to improve the output ofan
engine at high altitudes under high load, as well as reducing
fuel consumption and improving exhaust purifying perfor-
mance at high altitudes under low/medium load. In order to
accomplish the objects, the present invention provides the
following technical arrangements;

A first aspect of the present invention provides a method
of controlling a continuously variable valve lriing meha-
nism of an internal combustion engine. to continuously and
variably control the open/close timing of at least one of the
intake and the exhaust valves of the engine. including the
steps of (a) detecting an engine load, (b) detecting an
atmospheric pressure.(c) correcting the detected engine load
such that the lower the detected atmospheric pressure the
more the engine load is increased, and (d) setting a target
valve timing for the valve timing mechanism according to
the corrected engine load.

The first aspect also provides an apparatus for controlling
valve timing of an internal combustion engine, having a
valve timing mechanism for continuously and variably con-
trolling the open/close timing of at least one of the intake
and the exhaust valves of the engine, a load detector for
detecting an engine load. a pressure detector for detecting an
atmospheric pressure, a load corrector for correcting the

2
detected engine load such that the lower the detected atmo-
spheric pressure the more the engine load is increased, and

a timing setter for setting target a valve timing for the valve
timing mechanism according to the corrected engine load.

5 A second aspect of the present invention provides a
method of controlling a continuously variable valve timing
mechanism of an internal combustion engine, to continu-
ously and variably control the open/close timing of at least

one of intake and exhaust valves of the engine, including the
10 steps of (a) detecting an engineload, (b) detecting an

atmospheic pressure. (c) setting. according to the detected
engine load adisplacement from areference timing as a
target valve timing for the valve timing mechanismL and ()
correcting the set displacement such that the lower the

15 detected atmospheric pressure the more the displacement is

reduced.
The second aspect also provides an apparatus for control-

ling valve timing of an internal combustion engine. having

a valve timing mechanism for continuously and variably
20 controlling the open/close timing of at least one of intake

and exhaust valves of the engine. a load detector for detect-

ing an engine load, a pressure detector for detecting an

atmospheric pressure. a displacement setter for setting,
according to the detected engine load, a displacement from

25 a reference timing as target valve timing for the valve timing

mechanism and a displacement corrector for correcting the

set displacement such that the lower the detected atmo-

spheric pressure the more the set displacement is reduced

When driving at high altitudes, an engine receives a

3o smaller quantity of intake air due to the low concentration of

air. The first and second aspects of the present invention are

capable of optimizing valve timing to maintain the output of

the engine at high altitudes.
A third aspect of the present invention provides a method

including the step of. in addition to the steps of the first

aspect. (e) prohibiting the correction in step (c) if the

detected engine load is in a lowmedium range.

The third aspect also provides an apparatus having, in

40 addition to the components of the first aspect a prohibition
unit for prohibiting the correction carried out by the load

corrector if the detected engine load is in a low/medium
range.

The first aspect corrects an engine load in any range

45 according to atmospheric pressure to maintain the output of
the engine when driving at high altitudes. If such a correc-

tion is carried out under a low/medium engine load, the

quantity of internally recirculated exhaust gas of an internal
exhaust gas recirculation (EGR) system will increase exces-

so sively to cause incomplete combustion. The internal EGR
system is employed to improve exhaust gas purifying per-

formance and reduce pumping loss and fuel consumption.
Accordingly, the third aspect prohibits the engine load

correction under a low/medium engine load, thereby pre-

55 venting an excessive amount of exhaust gas being recircu-

lated,
A fourth aspect of the present invention provides a

method including the step of. in addition to the steps of the

first aspect. (e) correcting the target valve timing set in step

so (d) to an intermediate value between the target valve timing
and valve timing determined according to the detected

engine load.if the detected engine load is in a low/medium
range.

The fourth aspect also provides an apparatus having, in

65 addition to the components of the first aspect. a timing

corrector for correcting the target valve timing set by the

timing setter to an intermediate value between the target

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,557,540



5.713.317
3

valve timing and valve timing determined according to the
engine load detected by the load detector, if the detected
engine load is in a low/medium range.

The third aspect simply prohibits the engine load correc-
tion according to atmospheric pressure if the engine load is 5

in a low/medium range. When driving at high altitudes, the

negative pressure of an intake duct of the engine decreases
to reduce the quantity of internally recirculated exhaust gas,

Accordingly, the fourth aspect corrects the engine load
according to atmospheric pressure, to optimize the quantity to

of recirculated internal exhaust gas at high altitudes under
the low/medium engine load.

BRIEF DESCRIPTION OF THE DRAWINGS

Further features and advantages of the present invention

will be apparent from the following description with refer-
ence to the accompanying drawings. in which:

FIG. I is a general view showing an electronically con-
trolled internal combustion engine having an apparatus for 20
continuously and variably controlling valve timing accord-
ing to an embodiment of the present invention;

FIG. 2 is a block diagram showing an electronic engine
control unit according to the embodiment;

FIG.3is a timing chart showingcrankanglesrepresenting 25
the open/close timing of intake and exhaust valves;

FIG, 4 is a map used to determine a displacement to be
imposed on the open/close timing of an intake valve accord-
ing to the revolution speed and load of an engine (the load

being represented by the mass of intake air per revolution):

FIG. 5 is a graph showing the relationship between an
engine load and a target displacement to be imposed on the

open/close timing of an intake valve at an engine speed (NE)
of 2000 rpm;

FIG. 6 is a graph explaining a correction of an engine load

according to atmospheric pressure according to a first

embodiment of the present invention;

FIG. 7 is a flowchart showing a routine of variably
controlling the open/close timing ofa valve according to the 40
first embodiment-,

FIG. 8 is a map used to determine an atmospheric pressure
correction coefficient Kpa according to an engine load GN

IG.9isaflowchart showing aroutine of variably
controlling the open/close timing of avalve according toa 4
second embodiment of the present invention;

FIG. 10 is a map used to determine an atmospheric
pressure correction coefficient Lpa according to a displace-

ment to be imposed on the open/close timing of an intake
valve .o0

FIG. 11 is a graph explaining a correction of an engine
load according to atmospheric pressure according to a third
embodiment of the present invention;

FIG. 12 is a flowchart showing a routine of variably 55
controlling the open/close timing ofa valve according to the
third embodiment;

FIG. 13 is a graph showing the relationship between an

engine load and a displacement to be imposed on the

open/close timing of an intake valve at low altitudes so
(IlVDO) and high altitudes (ITDpa);

FIG. 14 is a graph explaining a correction of an engine
load according to atmospheric pressure according to a fourth
embodiment of the present invention; and

FIG. 15 is a flowchart showing a routine of variably 65
controlling the open/close timing of a valve according to the

fourth embodiment.

4
DESCRITION OF THE PREFERRED

EMBODIMENTS

The embodiments of the present invention will be
explained with reference to the drawings.

FIG. I is a general view showing an electronically con-
trolled internal combustion engine having an apparatus for

continuously and variably controlling the open/close timing
of a valve according to an embodiment of the present
invention. An air cleaner 2 filters air necessary for
combustion, a throttle body 4 passes the air.and a surge tank

(intake manifold) 6 distributes the air to an intake duct 7 of
each cylinder. Athrottle valve S arranged in the throttle body
4 adjusts the quantity of intake air. An airflow meter 40

ssmeasures the mass flow rate of intake air. A temperature
sensor 43 detects the temperature of intake air. A vacuum

sensor 41 detects the pressure of the intake duct 7. An
atmospheric pressure sensor 46 is arranged so that it is not
influenced by wind pressure during driving.

A throttle sensor 42 detects the opening of the throttle
valve 5. When the throttle valve 5 is completely closed, an
idle switch 52 is turned on to generate a throttle closed
signal. An idling adjusting path 8 bypasses the throttle valve
5 and has an idling speed control valve (ISCV) 66 for
adjusting an airflow rate during an idling period.

Fuel in a fuel tank 10 is pumped up by a fuel pump II, is
passed through a fuel pipe 12. and is injected by a fuel

injector 60.

The intake duct 7 mixes fuel with air, and the air-fuel
mixture is drawn into a combustion chamber 21 of a cylinder
20 through an intake valve 24. The air-fuel mixture is
compressed by a piston 23. ignited, exploded. and com-
busted to produce power. Namely. an igniter 62 generates an
ignition signal to control a primary current of an ignition coil
63. A secondary current of the ignition coil 63 is supplied to

a spark plug 65 through an ignition distributor 64. to thereby
ignite the air-fuel mixture in the combustion chamber 21.

The ignition distributor 64 has a reference position sensor
50 and a crank angle sensor 51. The reference position
sensor 50 generates a reference position pulse for every 720
degrees of crank angle. The crank angle sensor 5 1generates
a position pulse for every 30 degrees of crank angle. A
vehicle speed sensor 53 generates a pulse representing an
actualrunning spee Acoling water path22 guides cooling
water to cool the engine 20. Awater temperature sensor 44
detects the temperature of the cooling water.

An exhaust valve 26 discharges an exhaust gas of the
combusted air-fuel mixture into an exhaust manifold 30
connected to an exhaust pipe 34. The exhaust pipe 34 has an
0, sensor 45 to detect the concentration of oxygen in the
exhaust gas. A catalytic converter 38 is arranged in the
exhaust pipe 34 downstream from the sensor 45. The cata-
lytic converter 38 contains a three-way catalyst for promot-
ing the oxidization of unburned components such as HC and
CO as well as the reduction of nitrogen oxides (NO.). The
purified exhaust gas from the catalytic converter 38 is
discharged outside,

Amechanism for opening and dosing the intake valve 24

and exhaust valve 26 will be explained. The piston 23 is
connected to a crankshaft 81 through a connecting rod 80.
An end of the crankshaft 81 has a timing pulley 84. The
intake valve 24 is driven by a cam87 attached to a cam shaft
85. The exhaust valve 26 is driven by a cam 88 attached to
a cam shaft 86. An end of the cam shaft 85 has a timing
pulley 89. An end ofthe cam shaft 86 has a timing pulley 90.
The timing pulleys 89 and 90 are connected to the timing
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pulley 84 through a timing belt91. As a result.the crankshaft
81 drives the cam shafts 85 and 86 to open and close the
intake valve 24 and exhaust valve 26 at predetermined crank
angles. The crank shaft 81 has a buried magnet 82. so that
a first magnetic sensor 54 arranged close to the crankshaft 81
may generate a reference pulse. The cam shaft 85 of the
intake valve 24 has a buried magnet 93. so that a second
magnetic sensor 55 arranged close to the cam shaft 85 may
generate a reference pulse.

A continuously variable mechanism 92 having a known
structure to determine the open/close timing of the intake
valve 24 is arranged between the cam shaft 85 and thetiming
pulley 89. The mechanism 92 turns the cam shaft 85 and
timing pulley 89 relative to each other. More precisely, the
mechanism 92 uses the cam shaft 85 and timing pulley 89 as
external gears and connects them to each other through an
intermediate helical gear. The helical gear is axially moved
by hydraulic pressure. to drive the cam shaft 85 and timing
pulley 89 relative to each other. The hydraulic pressure is
controlled by a control valve 68.

An electronic engine control unit (ECU) 70 is a micro-
computer to control fuel injection, ignition timing, idling
speed, and in addition, the open/close timing of a valve
according to the present invention. FIG.2 is a block diagram
showing the hardware of the control unit 70. A read-only
memory (ROM) 73 stores programs and maps. A central
processing unit (CPU) 71 receives signals from the sensors
and switches through an A/D converter 75 and an interface
76. processes the signals. and provides actuator control
signals through drive control circuits77a to 77d. A random-
access memory (RAM) 74 temporarily stores data during the
operation of the CPU71. These elements are connected to
one another through a system bus 72 containing address
data, and control buses.

An engine control process carried out by the control unit
70 will be explained.

Fuel injection control refers to the mass of intake air per
engine revolution, calculates the fuel injection quantity, i.e.
injection period of the fuel injector 60 to achieve a target
air-fuel ratio. and instructs the drive control circuit 77a to
inject fuel from the fuel injector 60 at a given crank angle.
The mass of intake air per engine revolution is calculated
according to the mass flow rate of intake air measured by the
airflow meter 40 and an engine revolution speed detected by
the crank angle sensor 51. Alternatively. it is estimated
according to the pressure of the intake duct 7 detected by the
vacuum sensor 41 and the engine revolution speed. The fuel
injection quantity is subjected to corrections such as a basic
correction according to signals from the throttle sensor 42
intake temperature sensor 43. water temperature sensor 44
etc.. an air-fuel ratio feedback correction according to a
signal from the 02 sensor 45. and an air-fuel ratio learning
correction to equalize a central feedback correction value
with a theoretical air-fuel ratio.

Ignition timing control collectively checks engine condi-
tions according to an engine revolution speed detected by
the crank angle sensor 51 and signals from other sensors,
calculates optimum ignition timing. and provides an ignition
signal to the igniter 62 through the drive control circuit 77b.

Idling speed control detects an idling state according to a
throttle closed signal from the idle switch 52 and a vehicle
speed signal from the vehicle speed sensor 53, calculates a
target revolution speed according to the temperature of
cooling water measured by the water temperature sensor 44,
compares the target speed with an actual revolution speed,
determines a control quantity to attain the target revolution

6
speed according to the difference between the target and
actual revolution speeds. and controls the idling speed
control valve 66 through the drive control circuit 77c. to
thereby adjust the quantity of air and optimize the idling

5 speed.

Valve timing control sets the target open/close timing of
the intake valve 24 according to operating conditions and
controls the continuously variable mechanism 92. More
precisely, the hydraulic pressure control valve 68 is

10 feedback-controlled according to signals from the first and
second magnetic sensors 54 and 55 so that the cam shaft 85
of the intake valve 24 maintains a required rotational phase
with respect to the crankshaft 81.The valve timing control
according to the present invention will be explained in

15 detail.

FIG. 3is a timing chart showing crank angles correspond-
ing to the open/close timing of the intake and exhaust valves
24 and 26. The exhaust valve 26 is opened at fixed valve
open timing EVO. for example. 50 degrees before a bottom

2 exhaust dead center and is closed at fixed valve close timing
EVC. for example. 3 degrees after a top exhaust dead center.
On the other hand, the intake valve 24 involves a fixed open
period and variable valve opening timing NO and valve
close timing VC. The most delayed timing IVOr and IVCr

25of the intake valve 24 serve as reference positions. The
open/close timing of the intake valve 24 is optionally set at
positions ahead of the reference positions. A valve timing
displacement IVTD serves as a control target quantity.The
reference valve open timing IVOr is. for example. 3 degrees

3after the top exhaust dead center. and the reference valve
close timing IVCr is, for example. 65 degrees after a bottom
intake dead center. If the displacement IVTD is equal to a

crank angle of 30 degrees, the valve open timing IVO is 27
degrees before the top exhaust dead center, and the valve
close timing IVC is 35 degrees after the bottom intake dead
center.

FIG. 4 is a map used to determine a displacement IVTD
for optimizing the open/close timing of the intake valve 24
The displacement IVTD is determined according to an
engine revolution speed NE and an engine load GN. i.e., the
mass of intake air per engine revolution.

FIG. 5 is a graph showing the relationship between an
engine load GN and a displacement VTD with NE-2000

4 rpm.l In a low/medium range (GN(--l.2 g/rev). a valve
overlapping period in which the intake and exhaust valves

are both open is increased to increase the quantity of
internally recirculated exhaust gas. to thereby improve
exhaust gas purifying performance and decrease a pumping

5o loss to reduce fuel consumption. To achieve this. the dis-
placement [VT is gradually increased. In a high range
(GN+-1.2 g/rev). the displacement IVTD is adjusted to
improve the output of the engine. When GN=2.0 grev
corresponding to a full throttle condition, the displacement

55 IVTD is set to a crank angle of 40 degrees.

Values of FIGS. 4 and 5 are for low altitudes. At high
attitudes, air concentration is low to reduce the quantity of
intake air When driving at low altitudes with NE-2000 rpm
and if the throttle valve 5 is fully opened. the quantity of

60 intake air is 2.0 g/rev as shown in FIG. 5. Namely, if GN=2.0
g/rev, it is determined that the throttle valve S is fully opened
and that high output is required. To meet the requirement-
the displacement IVTD is set to 40 degrees in crank angle.
At high altitudes. the quantity of intake air is, for example.

65 1.6 g/rev even if the throttle valve S is fully opened. If the
displacement IVTD is calculated normally under this

situation, it will be 50 degrees in crank angle as shown in
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FIG. 5. This displacement will never provide high output. It

is preferable to set IVTD-40 degrees in crank angle at high

altitudes if the throttle valve S is fully opened. High-altitude

corrections of atmospheric pressure and air concentration

will be explained according to four embodiments of the 5
present invention.

The first embodiment according to the first aspect of the

present invention will be explained. The first embodiment

increases an engine load as a detected atmospheric pressure

becomes lower. to maintain the output of the engine at high 1o

altitudes under a high load. A curve CI of FIG. 6. which is

equal to the curve C1 of FIG. 5. is proper when driving at

low altitudes. Atmospheric pressure is low at high altitudes.

and therefore, the present invention employs a curve C2 of

FIG. 6 to correct an engine load GN. 15

FIG. 7 is a flowchart showing a variable valve timing
(VVT) control routine according to the first embodiment

This routine is carried out regularly. Step 102 reads an
engine revolution speed NE calculated according to the

outputofthecrankanglesensor51.Step104readsanengine 20

load (the mass of intake air per engine revolution) calculated

according to the mass flow rate of intake air detected by the

airflow meter 40 and the engine revolution speed provided

by the crank angle sensor 51. Step 106 reads an atmospheric

pressure PA detected by the atmospheric pressure sensor 46. 25
Step 108 refers to a map of FIG. 8 according to the

atmospheric pressure PA and finds an atmospheric pressure

(air concentration) correction coefficient Kpa. The coeffi-

dent Kpa is 1.0 at low altitudes with PA=760 mmig and
decreases as the altitude increases ie.. as the atmospheric

pressure PA decreases. The map of FIG. 8 is stored in the
ROM 73 in advance Step 110 calculates an engine load

GNpa after the atmospheric pressure correction as follows:

GNpa*-GNKpa

Step 112 refers to the map of FIG. 4 according to the

engine load GNpa and engine revolution speed NE. to find
a displacement IVTDpa to be imposed on the open/close

timing of the intake valve 24. The map of FIG. 4 is also

stored in the ROM 73 in advance. 40

Step 114 sets the displacement IVTDpa as a target dis-

placement IVTDL To bring an actual displacement to the

target displacementIVTDt. signals from the first and second

magnetic sensors 54 and 55 are monitored to feedback-

control the hydraulic pressure control valve 68. 45

The second embodiment accordingto the second aspect of

thepresentinventionwillbeexplained.Thesecondnembodi-
ment sets a target displacement to be imposed on the

open/close timing of the intake valve 24 according to a

detected engine load and decreases the target displacement so
as an atmospheric pressure becomes lower, to maintain the

output of the engine at high altitudes under high load. similar

to the first embodiment. FIG. 9 is a flowchart showing a

variable valve timing (WT) control routine according to the

second embodiment. Steps 202 to 206 are the same as steps 55

102 to 106 of the first embodiment of FIG. 7.

Step 208 refers to a map of FIG. 10 according to the

atmospheric pressure PA and finds a correction coefficient

Lpa for correcting a displacement to be imposed on the

open/close timing of the intake valve 24. The correction 60

coefficient Lpa is 1O at low altitudes with PA=760 mmHg
and decreases as the altitude increases. i.e., as the atmo-

spheric pressure PA decreases. The map of FIG. 10 is stored

in the ROM 73 in advance. Step 210 refers to the map of

FIG. 4 according to the engine load GN and engine revo- 65

lution speed NE and finds a displacement IVTDO to be

imposed on the open/close timing of the intake valve 24

8
Step 212 corrects the displacement IVTDO and provides

a target displacement IVTDt as follows:

IVThu*-IV-[IAXt4&

To bring the actual displacement of the intake valve 24 to the

target displacement IVTD. the hydraulic control valve 68 is

feedback-controlled.
The third embodiment according to the third aspect of the

present invention will be explained. The first embodiment

corrects an engine load in any range according to atmo-

spheric pressure. If this correction is made when the engine

load is in a low/medium range, a valve overlapping period

increases to excessively increase the quantity of internally

recirculated exhaust gas. to deteriorate combustion.

Accordingly. the third embodiment prohibits the engine load

correction based on atmospheric pressure if the engine load

is in the low/medium range. As indicated with a curve C3of

FIG. 11. the third embodiment largely corrects an engine

load when the engine load is in a high range with atmo-

spheric pressure being low. However, it carries out no

correction if the engine load is in the low/medium range.

Curves Cl and C2 of FIG. 11 correspond to the curves Cl

and C2 of FIG. 6.
FIG. 12 is a flowchart showing a variable valve tuning

(VVT) control routine according to the third embodiment

Steps 302 to 312 are the same as steps 102 to 112 of the first

embodiment of FIG. 7. Step 314 refers to the map of FIG.

4 according to the engine load GN and engine revolution

speed NE and finds a displacement IVTDO to be imposed on

the open/close timing of the intake valve 24.

Step 316 compares the displacement IVTDpa of step 312

with the displacement IVTDO of step 314 and determines

whether the engine load is in a low/medium range or in a

high range. The reason why this comparison can determine

a load range will be explained. As a displacement to be

imposed on the open/close timing of the intake valve 24

increases, the quantity of internally recirculated exhaust gas

increases, and an allowable quantity of internally recircu-

lated exhaust gas increases as the engine load increases.

Accordingly, a maximum valve timing displacementisin the

high load range in principle. However, if the maximum

valve timing displacement is kept until the throttle valve 5

is fully opened, combustion will deteriorate to lower the

output of the engine. Accordingly, the valve timing displace-

ment is adjusted to realize a required engine output in the

high load range. As a result the displacement map has a

maximum in the middle load range. This is the reason why

the displacement IVTDpa corrected for high altitudes is

compared with the displacement IVTDO without correction.

as shown in FIG. 13. Then, it is determined as follows:

if IVTDpa>IVTDO then engine load is in low/medium
range

if IVTDpas-IVTD0 then engine load is in high range

If it is determined that it is in the low/medium range, step

318 sets the displacement IVTDO as a target displacement

IVTDL If it is determined that it is in the high range. step 320

sets the displacement IVTDpa as the target displacement

IVTDL Step 322 feedback-controls the hydraulic pressure

control valve 68 according to the target displacement IVTDt.

The fourth embodiment according to the fourth aspect of

the present invention will be explained. The third embodi-

ment only prohibits the engine load correction according to

atmospheric pressure if the engine load is in the low/medium

range. The quantity of internally recirculated exhaust gas

decreases at high altitudes due to a decrease in the negative

pressure of the intake duct 7. and the fourth embodiment
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considers this in correcting the engine load to optimize the
quantity of internally recirculated exhaust gas in the low/
medium range. As indicated with a curve C4 of FIG. 14. the
engine load is corrected between the curve C2 of the first
embodiment and the curve C3 of the third embodiment when 5
the engine load is in the low/medium range. Curves Cl C2.
and C3 of FIG. 14 correspond to the curves CI. C2. and C3
of FIG. 11.

FIG. 15 is a flowchart showing a variable valve timing
(VVT) control routine according to the fourth embodiment to
What is different from the third embodiment of FIG. 12 is
only step 418 corresponding to step 318 of the third embodi-
ment. Namely, step 418 sets a target displacement to be
imposed on the open/close timing of the intake valve 24
when the engine load is in the low/medium range as follows: 15

Vrit*-QVrDps-IVTDO)xa+IVO (a=0.5, for exmple)

Ilefourth embodiment optimizes the quantity of internally
recirculated exhaust gas at high altitudes with the engine
load being in the high or low/medium range. similar to 20

driving at low altitudes.
Each of the above embodiments uses the two-dimensional

map of engine load and engine revolution speed. to con-
tinuously control the open/close timing of the intake valve
both at low and high highlands. thereby smoothing the 25
torque characteristics with respect to the engine load and the
throttle opening.

Although the present invention has been described by way
of embodiments, it is apparent to those skilled in the art that
other embodiments and modifications of the present inven- 3o
tion are possible without departing from the spirit or essen-
tial features thereof. For example, the electronic engine
control unit 70 used by each embodiment to variably control
valve timing may be adedicated electronic control unit
Although the embodiments variably control the open/lose 3
timing of the intake valve 24. the present invention is
naturally applicable to control the exhaust valve 26. too. An
engine load may be represented with the pressure of the
intake duct 7.

As explained above, the present invention provides a 40

method of and apparatus for setting optimum valve timing
according to atmospheric pressure for a continuous variable
valve timing mechanism of an internal combustion engine.
The first and second aspects of the present invention are
capable of setting optimum valve timing to maintain the 45

output of the engine at high altitudes. The first aspect
corrects an engine load in any range according to atmo-
spheric pressure to maintain the output of the engine. If such
ahcorrection is caedout undera low/medium engine loa
the quantity of internally recirculated exhaust gas of the 5
internal EGR system will increase excessively to cause
incomplete combustion. The internal EGR system is
employed to improve exhaust gas purifying performance
and reduce a pumping loss and fuel consumption.
Accordingly, the third aspect of the present invention pro- 55
hibits the engine load correction if it is in a low/medium
range. thereby preventing an excessive exhaust gas to be
recirculated and. at the same time, the third aspect is also
capable of maintaining the output of the engine at high
altitudes under a high load. The fourth aspect of the present 6o
invention maintains the output of the engine at high altitudes
under a high load and corrects an engine load according to
atmospheric pressure at high altitudes under a low/medium
load in consideration of a decrease in the quantity of
internally recirculated exhaust gas, thereby optimizing the 65
quantity of internally recirculated exhaust gas at high alti-
tudes.

10
What is claimed is;
1. A method of controlling a continuously variable valve

timing mechanism of an internal combustion engine. to
continuously and variably control an opening and closing
timing of at least one of intake and exhaust valves of the
engine. comprising the steps of:

(a) preparing a map for determining a target valve timing
according to an engine load, in which map a valve
overlapping period in which both an intake and an
exhaust valve are open is set smaller in a high load
range than in a medium load range;

(b) detecting an engine load;

(c) detecting an atmospheric pressure;

(d) correcting the detected engine load such that the lower
the detected atmospheric pressure the more the engine
load is increased; and

(e) referring to the map to set the target valve timing for
the valve timing mechanism according to the corrected
engine load.

2. The method as claimed in claim 1. further comprising
the step of:

(f) prohibiting the correction in step (d) if the detected
engine load is in a low to medium range.

3. The method as claimed in claim 1. further comprising
the step of:

(f) correcting the target valve timing set in step (e) to an
intermediate value between the target valve timing and
a valve timing determined according to the detected
engine load, if the detected engine load is in a low to
medium range,

4. An apparatus for controlling valve timing of an internal
combustion engine. comprising:

a valve timing mechanism for continuously and variably
controlling an opening anddcosing timing of atleast
one of intake and exhaust valves of the engine

a control map for determining a target valve timing
according to an engine load. in which map a valve
overlapping period in which both an intake and an
exhaust valve are open is set smaller in a high load
range than in a medium load range;

load detection means for detecting an engine load;

pressure detection means for detecting an atmospheric
pressure;

load correction means for correcting the detected engine
load such that the lower the detected atmospheric
pressure the more the engine lead is increased; and

timing set means for setting the target valve timing for the
valve timing mechanism by referring to the map
according to the corrected engine load.

S.The apparatus as claimed in claim 4. further compris-
ing:

prohibition means for prohibiting the correction carried
out by the lead correction means if the detected engine
Lead is in a low to medium range.

6. The apparatus as claimed in claim 4. further compris-
ing:

timing correction means for correcting the target valve
timing set by the timing set means to an intermediate
value between the target valve timing and a valve
timing determined according to the engine lead
detected by the lead detection means. if the detected
engine lead is in a low to medium range.

* * * * *
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[57] ABSTRACT

A valve timing control apparatus for an internal com-
bustion engine capable of controlling the opening and
closing timing of the intake and exhaust valves with a
high degree of preciseness, as well as improving the
air-intake and exhaust-discharge efficiency of the en-
gine for increased engine output power. To this end, the
valve timing control apparatus includes a pressure sen-
sor for sensing the internal pressure in an engine cylin-
der, a crank angle sensor for sensing the crank angle of
the engine, a valve timing detector for detecting the
opening and closing timings of the intake and exhaust
valves from the sensed cylinder internal pressure and
the sensed engine crank angle, a disabling element for
disabling the operation of the valve timing detector
during combustion periods of the engine, a valve timing
storage element for storing basic valve opening and
closing timings for the intake and exhaust valves which
are predetermined based on the operating conditions of
the engine, a comparison element for comparing the
detected valve opening and closing timings as detected
by the valve timing detector and the predetermined
valve opening and closing timings stored in the valve
timing storage element so as to calculate deviations
therebetween, and a valve timing control element for
controlling the opening and closing timings of the in-
take and exhaust valves in accordance with the devia-
tions thus calculated in such a manner that the actual
opening and closing of the intake and exhaust valves
take place at the predetermined basic valve opening and
closing timings.

2 Claims, 5 Drawing Sheets
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VALVE TIMING CONTROL APPARATUS FOR AN
INTERNAL COMBUSTION ENGINE

BACKGROUND OF THE INVENTION 5

The present invention relates to a valve timing con-
trol system for an internal combustion engine which
controls the opening and closing of intake and exhaust
valves using a pressure sensor which senses the internal
pressure in an engine cylinder.

Control apparatuses for controlling ignition timing or
the quantity of fuel to be injected for an internal com-
bustion engine in response to the internal pressure in an
engine cylinder have been known. A typical example of
such an ignition timing control apparatus is disclosed in5
Japanese Patent Publication No. 49-29209 in which
peak crank positions of a piston in an engine cylinder at
which the internal pressure in the engine cylinder takes
a peak value are detected, and ignition timing of the20
cylinder is controlled in a feedback manner so as to
make the peak pressure take place at prescribed piston
position. Another typical example of such a fuel injec-
tion control apparatus is disclosed in Japanese Laid-
Open No. 59-221433 in which the quantity of fuel to be25
injected into an engine cylinder is controlled based on
the amount of intake air to be sucked therein which is
calculated from the pressure differential between the
cylinder internal pressure at bottom dead center of the
piston during intake stroke and the cylinder internal30
pressure at a predetermined crank angle of the piston
during compression stroke.

Further, it is well known that changing the opening
and closed timings for the intake and exhaust valves of
an engine depending upon the engine operating ranges3
results in improvements in the operating performance of
the engine. Example of this are shown in Japanese Pa-
tent Laid-Open Nos. 64-80711 and 65-80712.

With the above-described conventional engine con-
trol apparatuses, however, valve timing control is per-4
formed in an open-loop manner, and hence accuracy in
detecting the valve opening and closing timings is inad-
equate, so it is impossible to control the valve opening
or closing timings with a high degree of preciseness.

SUMMARY OF THE INVENTION

Accordingly, the present invention is intended to
obviate the above-described problems of the conven-
tional engine control apparatuses.

It is an object of the present invention to provide a
valve timing control apparatus for an internal combus-
tion engine which is able to control the opening and
closing timing of ther intake and exhaust valves with a
high degree of preciseness.

Another object of the present invention is to provides5
a valve timing control apparatus for an internal combus-
tion engine which is able to improve the air-intake and
exhaust-discharge efficiency of the engine, thereby in-
creasing engine output power.

In order to achieve the above objects, according to60
the present invention, there is provided a valve timing
control apparatus for an internal combustion engine
equipped with an intake valve and exhaust valve, the
valve timing control apparatus comprising:

a pressure sensor for sensing the internal pressure in65
an engine cylinder;

a crank angle sensor for sensing the crank angle of the
engine;

2
valve timing detecting means for detecting the open-

ing and closed timings of the intake and exhaust valves
from'the sensed cylinder internal pressure and the
sensed engine crank angle;

disabling means for disabling the operation of the
valve timing detecting means during combustion peri-
ods of the engine;

valve timing storage means for storing basic valve
opening and closing timings for the intake and exhaust
valves which are predetermined based on the operating
conditions of the engine;

comparison means for comparing the detected valve
opening and closing timings as detected by the valve
timing detecting means and the predetermined valve
opening and closing timings stored in the valve timing
storage means so as to calculate deviations therebe-
tween;and

valve timing control means for controlling the open-
ing and closing timings of the intake and exhaust valves
in accordance with the deviations thus calculated in
such a manner that the actual opening and closing of the
intake and exhaust valves take place at the predeter-
mined basic valve opening and closing timings.

Preferably, the disabling means operates to suspend
the operation of the valve timing detecting means for a
period of time from a prescribed crank angle before top
dead center to another prescribed crank angle after top
dead center on each combustion stroke of the engine.

The above and other objects, features and advantages
of the present invention will become more readily ap-
parent from the following detailed description of a pre-
ferred embodiment of the invention taken in conjunc-
tion with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram illustrating the concep-
tional construction of a valve timing control apparatus
for an internal comustion engine in accordance with the
present invention;

FIG. 2 is a view showing a concrete construction of
a valve timing control apparatus embodying the con-
ceptional construction of FIG. 1;

FIG. 3 is a flow chart showing the operating process
of the valve timing control apparatus of FIG 2;

FIG. 4 is a graphic representation showing the rela-
tionship between the change rate of the cylinder inter-
nal pressure and the crank angle of the engine;

FIG. 5(A) is a plan view of a pressure sensor of the
present invention;

FIG. 5(B) is a cross section taken along the line
5B-SB in FIG. 5(A); and

FIG. 5(C) is a partially cross-sectional view showing
the mounting state of the pressure sensor ofFIGS. 5(A)
and 5(B).

DESCRIPTION OF THE PREFERRED
EMBODIMENT

The present invention will now be described in detail
with reference to a preferred embodiment thereof as
illustrated in the accompanying drawings.

Referring to the drawings and first to FIG. 1, there is
shown the general conception ofa valve timing control
apparatus for an internal combustion engine in accor-
dance with the present invention. The apparatus illus-
trated includes an engine cylinder 1, a pressure sensor 2
for sensing the internal pressure in the engine cylinder
1, a pressure detecting means 3 for detecting the internal
pressure in the engine cylinder 2 from the output signal
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of the pressure sensor 2, a crank angle sensor 4 for
generating a pulse signal, e.g., generating 360 pulses per
revolution of the engine crank shaft, a cylinder pressure
supervisory means or disabling means 5 for supervising
the internal pressure in the engine cylinder 1, a valve
timing detecting means 6 for detecting the opening and
closing timings of the intake and exhaust valves of the
engine, a basic valve timing map 7, a comparison means
8 for comparing the valve opening and closing timings
detected by the valve timing detecting means 6 with the
basic valve timing map 7, and a valve timing control
means 8 for controlling the opening and closing timings
of the intake and exhaust valves based on the output of
the comparison means 8.

In operation, the cylinder pressure supervisory means
5 receives the output signal of the cylinder pressure
detecting means 3 and the output signal of the crank
angle sensor 4 and calculates, based on these signals, a
change rate dP/dO of the internal pressure P in the
engine cylinder 1 relative to the crank angle of the
piston in the engine cylinder 1, as illustrated in FIG. 4 in
which EVc represents the closing point of the exhaust
valve, IVc the closing point of the intake valve, EVo
the opening point of the exhaust valve, and IVo the
opening point of the intake valve. The valve timing
detecting means 6 detects the opening and closing tim-
ings of the intake and exhaust valves from the output
signal of the cylinder internal pressure supervisory
means 5. In this regard, the cylinder internal pressure
supervisory means 5 also acts as a disabling means for
disabling the operation of the valve timing detecting
means during combustion periods of the engine. The
comparison means 8 compares the opening and closing
timings of the intake and exhaust valves as detected by
the valve timing detecting means 6 with the predeter-
mined valve opening and closing timings as read from
the basic valve timing map 7, and calculates deviations
therebetween and sends them to the valve timing con-
trol means 9. The valve timing control means 9 controls
the operation of the engine cylinder 1 in a feedback
manner so that the actual opening and closing of the
intake and exhaust valves take place at the prescribed
timings.

FIG. 2 shows a more concrete embodiment of the
present invention. In this embodiment, intake air is sup-
plied to an engine cylinder 1 through an air cleaner 10
and an intake pipe 11, and fuel is injected by a fuel
injector 13 into the intake pipe 11 based on an injection
signal Si from a control unit 25 which will be described
in detail later. The fuel thus injected forms an air/fuel
mixture in the intake pipe 11 which is supplied to the
engine cylinder 1 upon opening of the intake valve 12
and ignited there by a spark plug 22 installed on the
cylinder head. The mixture in the engine cylinder 1 is
thus combusted and then discharged therefrom as an
exhaust gas to an exhaust pipe 15 upon opening of the
exhaust valve 14. The exhaust gas then flows into a
catalytic converter 16 wherein harmful components
such as CO, HC, NOx, etc. in the exhaust gas are puri-
fied by a three-way catalyst contained therein. The
exhaust gas thus purified is discharged from the cata-
lytic converter 16 to the ambient atmosphere. The
quantity of intake air Qa sucked into the engine cylinder
I is detected by an air flow meter 17 and controlled by
a throttle valve 18 disposed in the intake pipe 11. The
degree of opening Cv of the throttle valve 18 is sensed
by a throttle sensor 19. The opening and closing timings

4
of the intake and exhaust valve 12, 14 are sensed by a
pressure sensor 20 and a crank angle sensor 21.

The pressure sensor 20 is in the form of a washer-type
pressure sensor, as clearly shown in FIGS. 5(A) and

5 5(B), which is mounted around the spark plug 22 in the
head of the engine cylinder 1 in the manner as shown in
FIG. 5(C). As clearly seen from FIG. 5(B), the washer-
type pressure sensor 20 has a pair of annular piezoelec-
tric elements 20A, a pair of annular negative electrodes

10 20B disposed on the outer sides of the piezoelectric
elements 20A, and a positive electrode interposed be-
tween the piezoelectric elements 20A and having an
externally extended terminal lead. The piezoelectric
elements 20A sense, through the spark plug 22, a change

15 dP in the internal pressure P in the engine cylinder 1
which takes place upon the opening and closing of the
intake and exhaust valves 12, 14, and generates an ana-
log output signal Pa having a voltage corresponding to
the sensed pressure change dP.

20 The crank angle sensor 21senses the crank angle 0 of
the piston in the engine cylinder 1, and the crank angle
at which the pressure change dP in the cylinder internal
pressure P takes place is detected by the control unit 25
so as to control the opening and closing timings of the

25 intake and exhaust valves 12, 14 ina precise manner.
The crank angle sensor 21 also senses the number of
revolutions per minute of the engine N.A temperature
sensor 23 senses the temperature Tw of an engine cool-
ant such as cooing water flowing through a water

30 jacket formed in the engine cylinder 1. An oxygen sen-
sor 24 senses the concentration of oxygen contained in
the exhaust gas discharged from the engine cylinder 1,
and to this end, it has a characteristic in which the out-
put thereof abruptly changes when the air/fuel ratio of

35 the mixture changes across the stoichiometric value.
The air flow meter 17, the throttle sensor 19 and the

crank angle sensor 21 together constitute an engine
operating condition detecting means, and the output
signals of these sensors are inputted to the control unit

40 25 together with the output signals of the pressure sen-
sor 20, the temperature sensor 23 and the oxygen sensor
24. The control unit 25 shares with the pressure sensor
20 the valve timing detecting function, and has by itself
an air/fuel ratio setting function and an air/fuel ratio

45 correcting function.
The control unit 25 includes a central processing unit

(CPU) 26, a read only memory (ROM) 27, a random
access memory (RAM) 28, a non-volatile memory
(NVM) 29 and an input/output (1/0) port 30. The CPU

50 26 takes in external data as necessary from the I/O port
in accordance with a program stored in the ROM 27,
transmits data between the RAM 28 and the NVM 29,
and determines whether the opening and closing tim-
ings of the intake and exhaust valves 12, 14 are optimal.

55 Based on the result of such determination of the valve
timings, the CPU 26 performs calculations for properly
controlling the opening and closing timings of the in-
take and exhaust valves 12, 14, and outputs the resultant
data of calculations to the 1/O port 30 as required. The

60 valve timing control means 31 receives the data from
the I/O port 30 and properly controls, based thereupon,
the opening and closing of the intake and exhaust valves
12, 14. In this regard, predetermined optimal valve
opening and closing timings are stored in the NVM 29

65 in an appropriate form such as a map.
Next, the operation of the valve timing control appa-

ratus of FIG, 2 will be described in detail while refer-
ring to the flow chart of FIG. 3. A program for per-
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forming the processing steps as illustrated in the flow
chart of FIG. 3 is stored in the ROM 27 and executed in
synchrony with the rotation of the engine. First, in Step
101, the quantity of intake air Qa is read in from the
output signal of the air flow meter 17, and in Step 102, 5
the number of revolutions per minute of the engine N is
calculated based on the time interval between the suc-
cessive basic signals (i.e., the time between successive
signals generated by the crank angle sensor 21 every
360 degrees of the crank angle), or the number of pulses 10
per a predetermined time of a position signal (which is
issued by the crank angle sensor 21 every I degree of
the crank angle). The time interval or the number of
pulses is measured from the output signal of the crank
angle sensor 21. Then in Step 103, the values for the 15
basic valve timings such as IVo (intake valve opening
timing), IVc (intake valve closing timing), EVo (ex-
haust valve opening timing) and EVc (exhaust valve
closing timing) are read in from a two-dimensional table
map which is stored in the NVM 29, the map having, as 20
parameters, the quantity of intake air Qa and the num-
ber of revolutions per minute of the engine N. In Step
104, the crank angle 6 is read in from the output signal
of the crank angle sensor 21, and in Step 105, the quan-
tity of change dP in the cylinder internal pressure P is
read in from the output signal of the pressure sensor 20.-
In Step 106, in order to prevent incorrect detection of
the valve opening and closing timings due to knocking
and the like, a certain interval such as, for example, the
interval from 40 degrees before top dead center (the
crank angle of aa degrees in FIG.4) to 40 degrees after30
top dead center (the crank angle of e degrees in FIG. 4)
during the compression stroke, in which combustion
takes place, is masked so that detection of the valve
timings is suspended or halted. That is to say, in Step
106, it is determined whether a<6 <3, and if the an- 35
swer is YES, then the program returns to Step 104. On
the other hand, if the answer is NO, the program goes to
Step 107 where the valve opening and closing timings
are detected. In this case, detection of the valve timings
is done by detecting the crank angle at which an abrupt 40
change in the value ofdP/dO takes place. In Step 108,
a deviation AVt between each of the thus detected
values and the corresponding one of the predetermined
basic values for valve opening and closing timings is
calculated, and then in Step 109, it is determined 45
whether each AVt falls within an allowable range y. If
the answer is YES, the valve opening and closing tim-
ings are determined to be correct and the program goes
to Step 110 where the valve opening and closing tim-
ings are controlled based exactly on the basic valve 50
timings determined from the basic valve timing map. On
the other hand, if the answer is NO, the program goes to
Step 111 where appropriate amounts of correction for
properly correcting the valve timings are calculated.
Then in Step 112, the valve opening and closing timings 55
are correctively controlled based on the thus calculated
amounts of correction in a feedback manner.

Although in the above-described embodiment, the
engine having a single cylinder is described, the present
invention is applicable to a multi-cylinder engine having 60
two or more cylinders. Also, the quantity of intake air
Qa is detected by the air flow meter 17, it can be calcu-
lated from the pressure differential in the cylinder inter-
nal pressure at two arbitrary points during comprssion
stroke. In addition, based on the cylinder internal pres- 65
sure, other information can be calculated such as an
average effective pressure in the engine cylinder, a heat
generation rate, a peak-pressure generation position at

6
which a peak in the cylinder internal pressure takes
place, so that the information thus calculated is utilized
for controlling other engine control devices such as a
fuel controller, an ignition controller, an exhaust gas
recirculation (EGR) controller and the like.

As described in the foregoing, according to the pres-
ent invention, the opening and closing timings of the
intake and exhaust valves are detected based on the
internal pressure in the engine cylinder and the crank
angle of the engine, both of which are closely related to
the valve opening and closing timings, so that the accu-
racy in the detection of the valve opening and closing
timings is greatly improved. Further, the valve opening
and closing timings are controlled in a feedback manner
in accordance with the deviations between the detected
values of the valve opening and closing timings and the
predetermined basic values. This leads to further im-
provements in the accuracy of controlling the valve
opening and closing timings. As a result, the air-intake
efficiency and the exhaust-discharge efficiency of the
engine can be improved, thus increasing the output
power of the engine. In addition, during the combustion
periods in which engine knocking is liable to occur.
detection of the valve opening and closing timings is
suspended so as to prevent reduction in accuracy of the
valve opening and closing timing control due to incor-
rect or erroneous detention of the valve timings.

What is claimed is:
1. A valve timing control apparatus for an internal

combustion engine equipped with an intake valve and
exhaust valve, said valve timing control apparatus com-
prising:

a pressure sensor for sensing the internal pressure in
an engine cylinder;

a crank angle sensor for sensing the crank angle of the
engine;

valve timing detecting means for detecting the open-
ing and closing timings of the intake and exhaust
valves from the sensed cylinder internal pressure
and the sensed engine crank angle;

disabling means for disabling the operation of said
valve timing detecting means during combustion
periods of the engine;

valve timing storage means for storing basic valye
opening and closing timings for the intake and
exhaust valves which are predetermined based on
the operating conditions of the engine;

comparison means for comparing the detected valve
opening and closing timings as detected by said
valve timing detecting means and the predeter-
mined valve opening and closing timings stored in
said valve timing storage means so as to cavulate
deviations therebetween; and

valve timing control means for controlling the open-
ing and closing timings of the intake and exhaust
valves in accordance with the deviations thus cal-
culated in such a manner that the actual opening
and closing of the intake and exhaust valves take
place at the predetermined basic valve opening and
closing timings.

2. A valve timing control apparatus for an internal
combustion engine as claimed in claim 1, wherein said
disabling means operates to suspend the operation of
said valve timing detecting means for a period of time
from a prescribed crank angle before top dead center to
another prescribed crank angle after top dead center on
each combustion stroke of the engine.

* * * * *
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METHOD OF INCREASING TORQUEAND/
OR REDUCING EISSIONS BY VARYING

THETIMING OF INIAKE AND/OR
EXHAIST VAINES

[ILD)C~ O I ILINVLNTION

Phe prescrit invention relates, in guneral, to an internal

combustion nginc if he type Iipped wvith an elctroiic
throttle control systei and a variable valve timing
mechanisi(s), and Ofthe type controlled by a torquebased
managument systum. More particularly, thi nvennton per-
tains to a mOod of increasing engin torqu andor of
reducing ngine eissionsb varying thc phasing ofecither
th intake valvus or the exhaust valves or bM,

BA(KGROUND OIIL INVLNTION

Ie following background information is provideI to
ssIi thereader o undcrstanI one 01 thumany cviron-

ments in which the inention will tpicallybe usal. Upon
reading this documcnt, the rader will appreciatc that the
invintioni may also beappld Or adaptudiL c [o ironmnts
othur than that describled hclow-

1I.1 illustrates tn cylinderof an lctronically con-
irolld multi-celindrengine thatiseqippdwithi a mecha-
nism icapable oif varyingthetimingoft b opning and
closing of thenintake and exhaust vales. Whil theengme
is operating, air at atmospheric prssurc Ps drawnintL ian
inle 2 through a iltr 3 and into aintak duct 4. The
incomingair thn flows into a throttle body 5 in which is

isposeda throttle valve 6. The thrLitle valve 6 typically
takes the form of a rotatable plate-

jontrolld be an eleCtronicthrottlecontrol(ETC)system,
ththrotlcplate 6 has itsposition adjustedregularlyto allow
an amounto air appropriateto presentconiditions to pass
Itrough het hrotl bod S and theralrinto an intake
maniILld 7.he hrtle controlsystem typically featuresa
pedal sensora throttle positionsensor (IS)9,amotor10
anl an electronic control module (LCM) 11. Th pedal
sensor 8enablestheL CM11 to monitor the positionof the
acelerator pedal, and thus to determine whether the driver
wantsth hicle to maintain, increase or decrease torque.

he IPS scnsor 9 enables the E 11 to monitor the
anuiliar position hat thet rottli plate 6 ocupics in the
hrottlebody5 Purstanttopriorartalgorithms, the ECM 11

use the input from these sensors, as well as other sensiors,
such as those ShLwn in 1.2, to control the engine I So that
it delivcr5 th edesired torque according to tie conditions
underwhich t vehicleis operating. Indoingso,the CNM
11 coutrols via motor 10thepositiontif the hrottle plate 6,
and t1us the luantity of air that is drawn into the intake
manifold 7.

Frim the intake manifld 7 ie incoming air then passes
to an intake ducet 12 thoias to tleylinder13. Menwhile,
fuel froi a fuel tank 14 ispumped vii a punip 15 roigh
a pipe 16 to a fuel injector 17. According to knwn practice,
thei E' I Iuses data rom several sensLrs to calculate the

inector putse vidlh, i.e, Theectrical signal ha the [(M
11t usesto activatet efoeI injector 17 or a time apprpriate

1( current codlitiiins Activated via a drive circuit,the fuel
injector 17 incts the precise amount of fuel into the intake
duct 12. There, the uiel mixes with the inlet aircomiing from
heintake manifold 7.

Asnttd ingreater detail inka, a cam tiing mchanism
drives the intake valve 18 to the open position in tiiied
relatinship with the intake cycle ofcylinder 13. During the
intake cycle, a low pressure condition dvelops within the

2
conbustion chamber 19 due to lithe downward movement of
a pistni 20 within ithe cylinder 13.The low pressure draws
the fuel-air mixture from the intake duct 12 past the intake
valve 18 and into the combustion chamber 19. For the

5 subsequent compression cycle, the action ofthe cam timing
mechanism(), as inoted infra, closes the intake id exhaust
valves 18 Iad 21 at the top of the linder 13. During the
comipressiLni cee itself, as is well known, the upward
MioveMient of the istn 20 conIresses the air-fuel mixture

Sin the comibustion chamber 19 of thec linder 13.
I'uritg tie combustion cycle, the fuel-air nixture is
iiteelanieexploded tiiroduticefpiwer.COperatingactirding

to the spark sequence controlled hv an LecLrOnic spark
tiniing system,lihe[(LI[causes the air-fuel mixture tolie
igiiled in the cobutiioncliauber 19. More secilically, te
combustion cycleisi iniLteld, at the appropriate time, by a

spairkL riven across he spacedelectrodesofaspark plug 22.
he expliosivec orce of the conbustion drives the piston 20

do wwardw itii tcyiti- 13. Thedownward thrust ofthe
pisin 20 is iparted vila conectig rods23 a torque
upon a cratksat 24 of the enginc 1., Cobined witi le
torLue it receives frI ithe ither istions in the engine1,the
crankshaft 24drives the wheels aid the accessoryL lals, etc.,
of the motor vehicle, asis generally uidrstol in the art.

or the exthaist cycle, acim tingmeclanisii drivesthe
exhalst valye 21,at the Lpproprite tiie, to tie open

position.IDuriingtheexhaustcycl,the upwardnovementof
the piston 20 forces the exhaust gases prodlucedL com-
bustion past the exhaust vIle 21 and it an cxhaust

> manifitd 25. An exhaust pipe 26 Hen chainels e exhast
Lases ii a catalytic coiverer 27. A catalist vithin the
onverter 27 aids tie oxdizatio 4of unbur d "constituents,
such iscLarbLin mlnoxide (C) and hLydrocarbons (11C), ard
the reduction of nitrgen oxidles(Nt O,)From the converter

27, te pulieLd exhaust gases Lire coiniveyed typica
throughLi t Iffler and then throughaitiail iLeto itmiiosiphere.

[he( EC 11 monitors and contrils theL pration of the
engine I through maiy dat isensors, switches and control
d 0evicessome Of: which aLre shown iIn [IiS. I And 2. In
addlition to theielLdal 1id TP'Ssensors 8iandl 9, theLit daa
sensorsititlue aintakeaLir impieature(IAT) sensir 28, a
coolntitemperaturesensor ((S) 29, a manifold absolute

liresure (MAI) sensor 30, a vehicleseed sensor (VSS)31,
an oxygen (0,2) seNisor 32, and ai engine speed (RPM)

a senior 33. On soie vehiices, AddAitioal A tiasirs are
used. Theseiclue a wide ranige air-fuel (WRAl) sensor
34, a haroetric pressure (BARO) sensor 35, and a m iass air

low(MAP) sensr 36. Ile devices and subsystems that the
[(EM 11 controls, include the ecltrioniic throttIe cintril

SI systiil,tIheelectronic spark tiiingsysim, thel uelinjection
systei and the cai itimingmechanisms.

[he data sensirs getnerate electrical signals, tylpicailly in

analogforn, indicative of the pIramLeters they are intended

to IIeaLsture. The IAl scisir 28typically measires tlie
S5 teiiperatreofthe airin t ie inl 2of the egiine 1. he(IN

tsnr29sensesthe temperaturetOfthecoolant that lHOwSii
channels 37 around the cylinders to keep theeigiiecoil
The Msesr30iesuresthe absoluteairressure inthe
intake mnifold 7.TheVSS, sensor 31 geeriates a&ilse

(o represenitng the actual speed of the vehicle. Th sensor
32 is typicallyi moute d the exhaustsstem dowsreami
oLfthecoiverter 27v, Wthatitsieadlies expised theLstrWea
ofexhaust gasesprIoucd Iby the egineI setses the free
oxygeinconuceiItrat[ii in the exhaust gases, inL covesa

15 corrspodinlgsignal to the LCM I11 ylpicall exposed to
the exhaust gases upstrean of the converter 27, the WRAF
sensor 34 measures the air-fuel rait. It is used on some
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vehicles to measure lireCtly the ratio of' air to fuel for
purposeOf controlling theLIivery of fuel to the engine I.
The CN 11 oses hesignals fIrom the O, aid WRAI
sensors 32 and 34 to control more precisely the fuel-air
mixtore to achieve stoichiometry. iNscorrection process is
known us closed loop operation-

Onvehiclesequipped with IARD and MAF sensors, the
lIAR)Osensor 35 measuresthe pressure of the ambient air
and prtwides data to the LCM 11 aso 1 pressure Changes doue
to altittdet nd weather. The MA sensor 36 meastres the
r1 att which the air iass flows i Itol tei take manifold 7.
For vehicles not eqoipped with a lIAR)sensor 35, the[ L'M

S1is programned to estimate the harimetric preISIre using
data from various othersensorsacordingtowell-known
pratice Ior vehicles notequipped with a MAI sensor36,
the[ L(M 11 estImates the air m's flow rate using data from

the variousi ther sensors, as is also knownin the art-
l'he analog signals generated by the data sensors are

coinvecd to the [CM 11 where an AI) converter 40
coivertstheminto digitalsinils. This conversion isi Ee-
essary becausethe central processm nit(CPU)41 of the
['EM 11 can only manipulatediota information.Along
withhe input received by theinterfe (i)42, the digital
sensordata is conveed to inputireistrs in the ['M I1.
Using the data it reads from the registers,the CPU 41 not
only performs the mathematical computations and logic 5
functions necessary to tctlate inter aliat hespark timing,
the Cam timing and he proper fucI-air mixtre, butalso
provides control signals through drive circuits 43-47, Ihe
CPU 41 performs all of its functions according to the
programmingcide stored in its associited memory devicess
The memory devices include nindom access memory
(RAM) 48 andread only memory (RM) 49 inclusive of
programmableROM (PR)OM). The( CP41 usesRAM 48to
temporarilstore information suchtaibedtita received from
thedatasensorsthediagnostic codesaidI results of its
calcuatillns. Ihe R) 49 is where thecalibration dataand
fuel delivery algorithms are typicallystored alongwith
various loiop tables and control algorithms thatetoice-
livelyconistitute te programminigcode.I'heelmeritsint te
CM I11t ireconnected toone anothert brotigt asystem bus

50 containinigaddress,dita an Ilconrolhbuses.

Used primarily toImaintain the engine I at idle, the idle
speedcuontol(IS(') sstem includesthe LCM11ani d anidle
air contrl (IAC) valve 51. The IAC valve 51 is situated in
a flow path parallel to iitht throughcthe irottleh ody 5. Upon
closure of the tirottlIc plate 6 and feedback from the VSS
sensor31 indicting the vehiclc has stopped, the ISC system
ctimpares the actual engine speed with a target engine speed
it derives tccordingto know irictice. Based on le differ-
ence betwe Thet arget and actualvalties, the ISC system s
cainirtils the lAC valve 51 via drive circuit 43 so as to adjust
the rate it which air flows into ie engine I and thereby
atttiin lilargetidle speed.

'ITVletroiic sprktiing (EST) systemiincltdes the
[CM 11, theRPM sesor 33 and a disribtirmodule 55.
The RPM sensor 33 generates a pulse fir every 30 degrees
that the crankshaft 24 rotates, thereby prioviding a measure
of the specL, orrevotiutios ler miniite (rpm), atwhich the
entgiit tis operating. Through the dati sensorstheC N11
monitorsthe speedtind other operatiing cinditioiisoftlthe
enigiie 1, and, fro thtise pramieterscalcuates thie proper

spark timiig. According to the spark timing seqUence, the
ECM 11 then dircts the distributor module 55 via drive
circuit 44 to disributi to each of tl spark plugs 22, at the
appropriat tiime, theeierg reiluiredto achieve conbustiona

The fuel injection system includes the CM 11 and the
fuel injector 17. Operatingti cording to known principles,

4
the ICM 11 uses data from several sensors to icalclate the
target air-fuel ratio. Tie mass of imake air ler engine
revolutioniisiIctiated fromtle nass loW rate ofitake ai
iieatsured liv the MAI sensor36 and the engine speed
deted liv the RPM seior 33. Alteriiativelv, it niav als he
estimatedtusintgdata friom other sensors, sich Ist licMAl'
sensor30 and the RPM seisor33. Usii thet missiifinitakc
air per engine revolution, the LM I11 then cteriies the
injIector plo width warranted by the current operating
ciinditions. TIi ['N 11 continual aIlidjtsts lte itjcctor
putlse, width to correc11 Lt fo r changoes inI vaiousll par ameters.
such i5 inthe reidings takei rom thFe TS, [A'. and
WRAI sensors, soastII maintain as closely as possiblethe
target air-luel ratio. At a given ngle in theoiperatitonal cycle
oif the cranksaft 24, thc ECM 11 lthn directs drive circuit
45 to inject fielfrom the fuel injector 17 for the time
dicttted by theiiectir pulswidth.

Most 'our ycle enginesaredesigned so that the intake
andexhiiust valvesopere (ie., pe Iaid close) in a fixed

anguliari eltitionisip tothe inghiar position of the rank-
shatt l nenlginesuseonly i singlecimsla It coILtrol lie

openingaiid closingof the intake andlexhiaustvalves, the
niewer, iiiore advtinced engines aiften Use a dual cani
arranIgemeit, i.e., one camsIft toctintril the openlose

timing of lte iiitkc valvesi nd iiotlir camshal Ito govern
tteope/closetiiing of theexiaist valves.In eitheticse,
each valve is biasedh t sprinigto the clsedposition.

Allxed tothe ai saft(s)t re as nian cams as there aire
valves, withtcams forthe intake valves being orieited at

Sang and camsfor theexhaustvalves
at anotlihrangle ectiaisea caiishtift oMI at hilflthespecd
of the crankshaft,each iiitake amti cses its corresponding
intake vilye t Iheopen (against theL tis t' liespring) and
closedtat ixedinitervtlsdtiriig thei peatioal cycle of tbe
crankshaft. Similarly, eacl exhau1tstcimtases its corre-

spondingexhaust valve II be lioien tind clised at fixed
intervals.

The term standard cai timing" refers to the opening and
closing of the ittake aitIor exhaust valvestit such fixed

nittervals. Inctigitiestltateiployvstindtirdcam timintg,a
cotiiproiise ust le reached between how smooth will the
eIgLie r Iat idle, howi mch oruIet ill it be tblei t eliver
ati editim to high speeds, the toxicity of its emissions, aid
how miuch fuel will the eiigiie coisitme. It involves a
decisioi as to when iand how long the intake and exhawst
valves shouId be open at the saie time (i.e., valve overlap).
Ihe anitiout and phasing of valve overlap is a trade-ofl
heiween stabile idling and the amoiintofi pwerthiat Vill be
ivailibletit imedium IIIto higl spceds.It also is a trade-off

o liweeiengineprformance, emissions and fuel ecoitnt.
The autoiotive inltusirv is ROW investigtigig the Use of

variabli camtiming (V'T) scleIIestI improve the overall

performalLnce if anetiginevi Witot the strict compromises
required bystaiindaiiid ca iingtechiqutes. VC alIlowst11e
timingi of iectimshaftso tdtiust teopetiigatd closig of
the valves, tolieioitinmi/eifover awidferrange of operating
condiitioIis.ItifIfersIl e possibilit ofiiIrvied perforiiimance
t meditimto iull loidscotpledwithreduced emissiins and
impirovemeitsni fueleconlomy.

n Rfeferring to FIG. 1, the ipeing and closing of intake
valve 18is controlled by a aim 70 attacied t an intake
'aIIIsfiIft 71. A can 80 atitiacledto f a iaft 81 likewise

coilitros te opeiting aind closiigoexhausisvalye 21. As the
listions reciprocate within their respective cyliiders, he

torltuethie\' impart to the criksitt24 v\ia Il conniecting
rods 23 also drives a timiiig pulle60. Lach camishaft at its
endals hiiasaplle, with camsalift 71 having timing pulley
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61 and canishalt 81 having timing pulley 62. A timing bel
63 cinncl the tiingpollers60 61 and 62. nsuentl,
as the cranksha24 rotatesit also drives te camsats 71
and 81,withthecas70and 80hereonopeninganclosing
the intake and exhaust valves 18 and 21 at predetermined x
angles in the operationalcclk of e crankshaft 24. A
crankshaft sensor 56 gnerates a set numberofpulscs (.

58 pulses) for each rtation ofthcrankshIN2,4. Similary,
there are twocamshalt sensors 57 and 58. Each camshait
sensor 57 and 58 generates a set number of pulses (e.g. 4
pulses) for each rotationof its respective camshaI 71 and
81.

The dalcam engine shown in[- I has two contin-
otsly variable cam tiing mechanisms 72 and 82.one r
the intake valves and the other for the exhaust valves.
Controlled by theLCM I11, each VCmechanismenables its
respectiveamshato be phase-shifted relativetothecrank-
shaft 24 asaftunction of the conditions under which the
engine 1i soperaIng. Also reLerred to ascam phasers, VC'T
mechanisIs take avariety of formssuch as the vane type or
helicalgear tpe Lam phasers. he latterisdiscussedbelow
for illustrative purposes.

Sittiated between he camshaft 71 and the timing pulley
61. theintakeVT Imechanism 72tumstheeamshaft71aind
timing pu1e61 relative to each other. More specilically, the
natake cam phaser 72 uses the camshat 71and timing puley

61 asextralgears andinterconnectsthetm via an interme-
diate helical gear. Through drive circuit 46, theL5EM 11
controls avalve 73 that affects thehydralic pressure acting
upontheiheal gear.Italsousesfeedbackfromsensors56

and 57 to monitor the angularrelatioishipheweein the
crankshall 24 and the intake camnshaf 71 By changing the
hydratlic pressure via valve 73, th ECM 11 can move the
helical gear axially, and thus alter the angular relationship
between the intake camshaft 71 and the timing puly 61 as
well asthe crankshaft 24. Ii doingso, the LCM 11 can adjust
the openclose iming of the intake valve 18

The exhaust VC'mechanism 82 is situated betweeni Be
camthlialt Sand the thiing uilley 62. Like theitake cam
phaser 72, the exhaust camphaser82 uses the amshatN I
and tining piley 62 as external gearsand interconnects
lhemlvi a intermlediate eliIca Igear. Phrtglh drive ircoit
47. the LCM I11 cotIntrolsa valve 83 that affects the hdraulic
pressure acting upn thisheal gear It also uses eedhack
fAn sensors 56 and 58 to moitor the aguLrrlalationship
between the crankshaft 24 and the exhaust casihaft 81. By
changing tol hydraulic pressrevia valve 83,the EM 11
cain move this elical gear axially, and thus alter the angular
relatiionship Ibetweenthe exhaust camshaft 81 and the timing
pulley 62 as well as the crankshaft 24. In doingso, the EM
11 canadjust the openlose iing f the exhaist valve 21.

Using VIT meehanisms, the openclosetIoing of the
itake and exhaust valves 18and 21 can be optNhed to
tllprove ieoverall pierformaice ofIlhe engiie 1. Il ial

overheadcat(I)1It)enginesthereAre'ourpossibletypes

ofVT: (1)phasing only tUe intk cm (InakeI nly;(2)
phasingonly theexhaistcam (Lxliast Inly); (3) phasing
tH einttke and ehatst camns e1 uall (DuIlEqal); and (4)
phiasIn the intakeand exhaust Lams independently (Dual
Indepetitent).The Dual quai strategy is alsoaippLicable to
sinigl overheadcam (SlIC) entines

It iswellknowithat useol a VCImechanismon oNly the
intake camshaIt 71 improves eigiie operatiOtini This
involves varitg the opetickisetimting oft; iniitake valve (1,
18,ascompared tostandard cam timing,whien the egineI
is operating at part load. For example, hy advancing the

openiig of te initake valve[ 8, the valve overlap is extended
into he exhaust stroke. Thismenis that he intake valve 18
startst opein near thl end oftlie exialiust striPke c Viewing
I It. this allows t1e pistot 20, i its upward Cxhalust
stroke, to psh a smalamount f the exlaust gaes back ito
the intake duct 12. (nthe subsequTIetit (dvlvard) intake
stroke this exaust gas is then re-ingested into the cyiter
13 for coustion with teuel-air mixture. i advniting
the closing of theinake valve 18, the intakevalve18closes
earlier in thecoinpressioin stroke.This mais that less oflie

ieI-air mixture is pushet back ito the intake duct 12.
thereby enalingmorel poer to he produced durimg com-
buston.

Ihe bene its ofintake amplasing are well kIown. I irst,
it reluces N emissiots. Thisi du to what is referred to
as increased residtal dilitii. There-iigeste exhaist gases
(i.e., the Iilent) Ioiwers [Ie teTperature at wich coiiibits-

tion occurs, tiereh I'reduciIg the amount i fN emissiois.
[lie extent ofthe No, reductioni epeitis ot the load and

n specdoftheeigiine.Second, it redutces [ItC llissiots. The
Slastportin of the xhaist gases ejectld froni linder 13
iuriig the exhaust stroke is rich in unhuied II. It istiis
pirtion I' the exhaust gasesthiat isre-ingesteid duriig the
imakestrokei and sbseiuetily brned. Advanced intake
cam titing also increases tletiirqueittptby thleegitieat
melium to highspelds, imiroves fuel eoonlmy and teables
the engine to be operated ore stably atiile

It is also well known that use of a V'T miiechaniisi ion
only the exhast camishalt 81 hasa signicateffect on
emltssiotns ['his itvolves varying the loseopen Iuiing of
theexhiaust valve 21, as comlpared tostaindardcamiting,
whentheeginei is operatingmatpail.or examplely

delaig the closiig of the exaust valve 21,te valve
overlap is extetded ito the itake stroke. His means tiat
the exlaustviale 21 stays oen at hIe starti f the intake
stroke. Viewing IG. 1, this allows the pisoni 20, in its
downwar intake striike to lraw a small aioint of the

exiaust gases roni the exhaust manifold 25 not otiluhack
Kintte cylinder 13 but also into hit itake duet 12 Ie to
vacitum. Aliong withtieftel-iir mixtlire, this xhatst gasis
then burned in the conibustion chamber 19 during the
combustion cycle.

Ihebetefits of exhaust cat pLasingare well knoiwn.
FirstitaIsiredicesNII NO missionsdue toitncreasediresidual
dlutn. Second,II W emissions are rediced becausethe
IlIC-rich portioin ofthe exhaust gases is drait iack intothe
cylinder 13.)elayed exhaust camitiiingalsoiimpilroves fuel
econiomyati etiablestheetiginetol e operatednore stably
at ille In alditiT, exhaust cam phasitg can he used as a

SsuWbstitue fir atiexteria exhaiust gatsrecirculiotn ( R)
systei, as it performs the saNme funition. Te cost of
quipping a vehiclewith an exhaustcan phlasercan beless

thain that foracoinivenitiintialIR systemii
U.S. ['at. No. 5,713317 toYoshioka describes a ethod

of cmitrutlitggaVCTmechanisimthrougih whieiniviry the
mpenclose titiing ofa valve. It purports tooptniize the

valve itiimig sos to improve the outItt oiftheenigiie at iigh

altitodes while it is operatingt inder high loads. It alsiT
lirpiIrts t reductiefeI tistii conslmtioan and cmiissiosof 11i

nu etnginet high altitudes as it oleratesuniher low to medium
loads. The nethod essentailly contrios the amount of

residual ilutioin (i.e., re-igestedexiiast gases). In dolitg

st, the Yshiok ireferetnie nches advance of the intake
valve only, in away thatattemllts tIot comilpetisaIc for tile
effects of atituide.

U.S. Pat. No. 5,755,202 tL Stdanpiouiu et al teaches

theuseofal)ialEqual\T("'strategytion avehicle eqiippeld
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vith EI1and a torqiue asd egine control system. Accord-
ing toilel method, ti ite iof toriie that can he denianded
Ifthe lngie is iiSed into live regions. namiIely, negligile,
small, moderate, high and maximim. The engite control
system chooses thepirtiCuir cam timing scheduiL to u s
according toIlthet 1itinito Which the acul it edeniand
falls, Foriexample in the negligile toriue region. staniartI
camtiming is used to maintain ithe engine at, astabt ile.

in iesma11iiLorquer ti.n th llingschenmefallsetween
StiitiartdL 1ulls rltared cam pbusii, with thieexact

illillgiegltitilti lheillalnituidei ofthe tiiiuei enand. In
the moIerate torlue region, fill retarIeI Cam tiilling is

usetanled ti hrtitl positi iis adjutdtto Met the torque

temiIltan. Iti il Is re"il I lathe ieneits of V T (c.g.,
reduced feedgis (N(O ail IIC) imissitns 

tid improved
iI l nmy) aremostulil realized-In the high toritc

regiont,tile tiiming schemefalis heweenifully retardedani
standar camplasigw, With theexacttimlingt ependent on
tie magntitue of ile torti demand, flie, thelircfitle
position is hel coisalnt. It isiIn this regioil that ilecan n
schedulingi s relaxeito bestmeet thetorquetiemantinithe

maximuLI tirtque regini, heseldule reverts to staniarli
Camt ming.ThisenaIes[ileenglineccontrolsystem tosatisLy
tile ortiiqei emanIIe I Ithe driver' ,

llt disadvantaget fI he Stefiaopotilou eial sysim lies
in the way it selects the cam mlin]g Liae ccorIin to the

region into wihich the actual torque tIemintd aIlls Such
iransitionsi etween odIIes canlea tii' onl tl iscontinulti-
tieciuriing throttei rainsitl lailevters i iaIso to increIse i
calihration tile It is Ilereforei desiralIc toteise isritegy
that emplosvariabicam timing in a Way ilat assures

smoother transitions intorque while achieving even lower
teed giastimissions a~initeeasCtitlrue.

OFLCTIVLS1 O T ILINVLNTION

It is, theretore, an ohjectse of theWinvenion to provide a

mlethilod ofvaryingtihl phaing of either the intace valves or
Ile exhausts alvesorth ito yield smootil iransitions in

lorqle hiletachie'ing glow fed gas elissions adLI inlcrased
tortque.

Anotiier oyctive is to provide a methodof usings aria
cam itming oi an engine e ipped iPh lectrionicthirttlI
contfl 1I0 vary the piasingif tile intake andor exhaust
salves to achieve lower feei gas emissins and unprioved
fuel economy While delivering asclosely asIposible the
tdesiredtorqute.

A further objcIive is to prvide a methodtofadjusting the

positil a ttolli valvt. tile amotil of fuel injeted I y
ie fuel injector(s), tIle tiing of tile spark and Ithe phasing

ifthe intake andor exhaust cams to deliver the iesired
torque actoring to the condiitios under which the vehicle

istiperatitng.
Still another otjective is ol Iheil niteitirnal cmbstion

engine ofa tor veihile toadjustatomlatically thetoirquet
tIilpiut biy tle engine i respotIseto variations in accessirsy

loads.
Yet anoMerojectie is to Ienallean internal combIustionti

engile t eet feguLationis governitngi eed gas ellissins
Witiout the use if an external exhautst gas recirculatiton

([GR)sstem-.
An atilitional iijective is to eahle aneigitie o operate

more hcicietly Liver a wider range oftorque levels,

Analer objective is t enable antlgine to operate at
lowerco ustion itemllperatures, s copard toi most priir
artengines.

A further objective is to embtody the valve tiiing algIo-

rithms for an engine in a ROM, PROM Iroiler type of'

8
memrvy chip and tierehy make it easy to update die valve

limitigseCiuiilei ierely by removing the olt chip from tile
LCM andl replaciigitx itith a new chip in which tile new

algoriihilsarftstired

Inaeddiiitinitile titijectiesantadivantages istedlabove

nrious ther otjecties and advantages tfte invenAions ill
become more readily apparent to persons skilled io the

releanlart from a reading ti te other sCeills of 1his
ocittleint. Ille other objeciives aLid advantages Will ieconi

PartiCUlarly aIpparent vhen the detailed description is Con-
siered altItg Withi the tlrawinlgs antd claims presented

ternl,

SUMMARY OFI TIIL INVLNI)N

The foregoingt olectives and adt:gesife attaied by
the various embodi iments of the invenition summarized
beclow,

in a preferretem imennt in which an air-lead strategy is

eop11loyed, ile invention providesi a method f itiiprint iithe
operaitng charcteristits of an iternall combstionlengine
equiippedti wviti an lectronically controlled throttle, a fuel
inlectri an a variatle valve timingii echanisi. Tie vari-

tale vavetimiinigmectiansnism ist e mirtiItheiingof

the itake vavesandtor theexhaust valves Ihle iethod
includest lel rpatei perftriante f Iat ist the folwitis
stelips. Pie I sirtt itrtie requtestetofthie eniane isase
tained. Thecua air mass flow, into thinak mlLIlanifold i

tietermid aise on aLit least oie oLtIthe folovng sariablets:

the absoluteresire illtle intake mnifild.the inicated
ticain tilletivte Iessurt in thtinttaketlti niftldthe spet c if

the engine, the intake air itniperature, the ctolant

tenpertature, the arometric pressure, theitpt froti a iass

air ili setistir aid the volumetric efciency o tifeenginIe.

tedesired fuel foIwi is calculatetid se oin at letIst tile
actul airiass iwatccortinigt atdesiretd ir-fi ratio. ihe

per-cyliniern tlaiilount isieterimiedii tiseiL on the iesired
fuelt11Iw andithe numheri f cyiniers 1oi tieengine. [he
itjecicr pilsitiidbwi ltwhichtotactivaictliefneliuceicior
is cailculatedibasedttinthe0per-clider fulmountii The
desire airfdow ist catlutteid sed on thet esired fuelt ilow

icirein to th desired air-fuelrttilit. 111ctualposition of

ite throttle is monitored. The desirei osition ofthethrittle

ist etermined as a finctiotiof at least two oftheflloinQ
5 vtrials:t edesired air flowthe absihue pressure in ItL
ittake manifold, the engine speel an the voluticric cill-
ciency Ifthe engine. TtthrtKtle isajusted to i esired

posititn with regard to the tctial positioinioih throttle. he
desiret posititil r the vor varib valveiiingi mcliinism is

idetermint is a functi onf t leastte speed of the engie
al the oadIti Of the eIngine. The saritic valve itiling
mechanisn is directed It moveito thei esiredtt position. Iliis

causes thetiing at shicih he itake andoriI exhaust valves
tipen n dcst imy tiperait accirdiig t t sceule that
ilproves thetipertaitgchiricttistitsi ftie engiie [he

actiua poosititn of thevarit, Ilve liitngmechanim is
monitorei. The voilumitic eLiciey is dteterinieid as a

function of the speed nd nOat ftheenginet ntctd o of h
desiredi and actutal positions if the variable valve timing
mechanisn. The dilution occurring withinthecytiniers is
calculatedi ise ilonth engine speedthItie load if theeigine
and one I the esired and actual positions of ithevariahle

vaulvetliingimehaniiisii

in an Alernaitive em dimt intwhich L fuel-leadstrategy
is cimplIoyeId, th lmclod includis the repeaLted perforltance
ofat least tIeflsloing steps. it esiretrtue requesteid

Of theetigineisiascertaiied Thitetesiret fuel ilow is calcu-
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ate hased not only on an anount necessarv for the elnine
R, Provide the desired ttrpc but ast otn the diltlon

occurring within the cylinders.I Te per-yinder fuOnIl IoInt
is deteriined based onthe desiredluel Iow andthenumber

of cylinders in the engine. The injector pitsi width with .
whichtoactivatethehi injectoris calcutedbased on the
per-cylinder fuiamount e desired air low is calculated
based On hedesireduelI 1Waccording11 a desired air-fuel
ratio. The actualposition of thetrittle isi onitored [he
desired positin I thetlrttle is detemined as a funetionof:
at leasttwo f theit foowingvariabl:thedesireditirltw
the absoltte pIressuIre int the intake mLanifoI, the eingitte

speed and the volumetric liieeIv. he throttle is adjusted
[lite desired position with regard tothe ata oiino

dhe tointtIe 'he desired positinli r the varal valve
timitngmechanism is determinedi at a fution F at ast the
enginespeedandtheengineload. Thevariablevalvetimin
tiecharistm is directed to m e to thedesired positiot. Iis
causesthe titing at which the intake andor exhaust valves

Itpnit nd close to oIpetate aconriltg to i schedttle that
itproves the operati tIcharacteristicsI of tle nie The
actual position of thevariailevalve timing mechaiism is
tionitored. [he voluietric eIcieticy is determiined as a
futctiittIhne spIedatnd loadoF theetngite and one (IFthe
desired atd actual positiois oF the arialle valve titmg
miechianiismi. The diltttion occutritig withinitheevliitders is
calculated basedothe [lenrgirtesliced,[lieetngintelotad anid
onte oFle desiredanid actual positionisof lie variable valve

Wln mechnm.

BRIEF I)ESCRIFION OF THE DRAWINGS

I6. I is a diagram of e cylinder o an electronically
c(Itntrolled muttlieylinder enin e eshwing various ssitciatteld

compoi11(ntetts sich as tethroutl ebody, 1t fele inector the
spark timing sstem th titake and exhaust vAlle\, the
variaile can timing (V(I) apparatus and Ie electronic
controln module (LCM),

1F.2 isiadiatramttlle itertialarchitecture(IF leECM
shovn i I1(,- 1. showingtIe variots setsorsFroi iwticl it
receives data atd [Ie variots exteralevices utder its
controh.

I. 3 is a Ilowchart of a method, according to the
itvetitin, iroigh which te operatig characteristics of an
eigine are itiprved using a Fuel-ed "estrategy,

116, 4 is a Ilowchart of lie iethod, tccorditg It [e
invention through which theoperatitig characterstics ofaan
engine are improved using an air-lead strategy,

MI(V 5 is dets a process o acertarinig dheamiti of

totrque deatanded by[l Idriver and byl ie conditioIsuinder
whic tile velicle is oeratitig.

11.6is table oF valuesofitake cam phaser posiion
in which each value is a function ofengine speed and engine
load.

116. 7 is agraph oFt temperture-correctioticurve T,
whote v Ies arepIltted initstenginietemiilerattureon tht 5

hrzoniI[ axis i t IIecorrectlitt iFactortt in tey ertic Iaxis
I.8 is agraph of a pressure-correction curveP. whse

vaIUes arc plittd againstanmbiet pressuretn tehriotnta1

axis atd iecorrectiot itotir on te vertical axis
ii 9 is a wable f values of exhaust caiii phaser sition

in which ech valte is a Fnction of egine spced and eginte
l d.

)LTAIL)D LSCRIPTION 01 T1 IL
INVLNTIONu

FIGS. 3 and 4 illustrate in lowartfrm itwo embodi-
eNts oF We invetioi namely, a iiethod that cai he used

10
It improve. eoperaitg characteristics oft n interial com-

1ttstionI engitIe Morespecifictlly[ lIe method enables ihe

1itsitngo the intake andor exhust valves th e varied so
as to achieve lower feed Igas eiissions, improved Ftuel

economy And greatersLability at idle, while improvitig ie
ability < Fe engine to deliver the desired tirILue. The

iethIod, geterlldesigItd 101), is designedfor attrqte
basedi :tr1[trlset it [F lypies"c 10 itcontrol ani engie

equiped with electrotic throittle control (LT) and a citm

phaseruoneither teintake camshafterdheexhaustcanslaft
or both.

11R 3 depictst neembodiment oF bliveitioti, namely,
usng thien ethod t implement a feIl-lead strategyv I[G. 4

illustrates[i e presentlyi reFerred enbodimeit, i.e. usig
- the: nietlhid t implement ai air-lead strateg. In eIher
etmbodimOentlie mehod HM) co rises series f geer-
alizelsteps. Using kniowi teebiiiqtes, a person tFordinary

skill in le programinigi rts tasI e expiertise to redcIt e
eo to a Icrrespoinig set( IFinstruittionS and to incor-

n paratetliose Listructlionsvithin ihe prgrammigcct ior-
Ially executedlby ithe ctrIl ssteim for the engine. It

stutldli eapptrett that (ithe metliodI coitic hle Carried ott by
i sibrtutine that is called and exected at frecqleti, prele-
terminited tin intervals. All steps oftlie invention teed not

necessarily le carried out in the order shown or described.

The invetiion is described below s if iitended for[ th
environmueti set oIt iti [lie bacekgrottid sectiot oF this
docutmet. Nevertbeless,it shiotIlibe pparent frotm n read-
inAg OFthisdocumetttitt thatlieivenlitin ma Ieiimlemteited
in variety ofegine cotrol systenms, even oIesunrelated

[t leautomtivye industry. [he inventin is presetIted inthis
cont tInot t litit Ihe scopel of heclaims set frthi elow

lit merel to sitiplify e descriptii ai htnd s lhe
uinderstaniing, oF le invetill.

In either ernboditIient, step 110 If thle niethold 100

involvest scertaitii thLe desiredqtrque, i.e., lie anount of

trqutedetmatidedlby liecdriver ttindibyitticliditisittider

which tle veicleis perating In a turque btased eigine
cotntrolsystem e[CM 11 ca deriveli e desiredtrilque

getierallyaccotrding to [iei cess depicted I iG1. 5. As
itdicated by block 111, theLM 1 odeterines ie amiiunt

oF lite oiglt by lic driver tsiig liepeditPS ttn RPM
seisiors 8, 9 tn1 33 as we astther inpts. In its trque

calculatiinl, the CM Ialso addsli etoirlquedemands of
lieonbolard cruise cotrol and LtractiIn cLntrol systeis, if

any, as shown in block 112. The I (N11 alsi incluces the
trquelist tovariousitherloads andt accessories (e.g.[lie
AU compressorX coLing fan, alterinatorgenterattr, et), as

Sstggestel h blocks 13 and 114.lck 115 revealshat the
(NI 11 alsot ses the VSS and RPM sensors 31 and 33 to

ascertail the torue lost to thr tansissii, AIe ttmunit Of
thei iss etig epenlenti on the gearin wich ihie ransis-

siOn isi tinpertting.t In taculatingli edesired toarque in
block 116,the LCM 1will thusLIpreferably hle programmed
to coniieisate not only for the torque tieviablylst [
frictiton blt also for [ie torqIute lost to additional liads.
Optionally, [le desired ttrcluecould le calctulated withoti

cominaiing fo oue ornmre oFe t atrementiiedltrte
Insses.

As the description below inicates son of he other
steIs of The method 100 Lepetcnd onn welieri he engine is
beitng ctttrtolled accringto theFuel-leadstrategyior lie
air-leadstrategy.

FIG. 3 ilttstratesl tiihitmbdiie thet ethod 100 in
which t[le fuel-lead strategy is realized. It is preferred that

[le fuel-lead strategyIeiipleiienteld s that tleetngine I is
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operated in a lean itide. Because of th excess oxygen
(iringl an operation, the poductionoc aron monoxide

(('O) will Iti satly redud.11 t preferred thatthe unginc
I he oprated suciently Lan with thecombustion tCi-
perature reduced so as to lower the amount of nitrogen 5

Ixides that are produced

Step120 involves calculating the desired fueLflow. i.e.,
theamount f' fuel that is deemed necessary to prvide the

desired trque. Using the desired torqueaind data from
various sensrs thoughwhich it receives feedback concern- -

ing the oprating conditions ofT heengine the CM 11
determinesthe desired fuel ow. In doingsii, however, the

:' , 11 als otakes iloa nou the reidual dilitin. A
explaiinedfrtherdbelowthisparaietermt he either the
actual amount Of dilution CUrrently occurring within the 5
cylinders by virtue of the intake and or exhaust vaves 18
and 21 or the (esired aiouint of dilition It shotiid he
tppairent Liat te desired fuel nLow is a quanitity that is
dependentontinteraLia,thedisplacementofandthenumher
of cylinders withitItheerigine 1. The use ofsuch coistants 2

andother variaLs in the programming arts is, or curse.
wellktow iin the autm1otiveindustry

Step 130 involves clcuatingthe desired air How or he
fuel-Ladstrategy,thel desire amount of airis determinAL
usingthe desired fuelflow previously calculated in step 120.,
In particular, this calculatiotn can he expressed by the eqiia-

tion:

DeLSZLedArXowDIiIcJA i -:clt=tiesMiIAm LOw

where the desired air-fuel ratio is a known parameter.

Step 140 representscaltclation of the (esired throtte
positioi, i.e., the positin 1ofthbrottle plate 6 tlatclrrespoids
to desired air loly aLuILlated in step 130. Using thedesired
air flow at d curretl operating conditions such as those
obtained from the MAP sensor 30, RPM sensor 33 and, if

available HA iiisensor 35, the LICM 11 determines the
desired throttie positiniit The LNI 11 also takes into
account the volumietric efficietcyof the engine, as explained
further below.I deterning the desired throttle position,
the CM 11 will preferably use a lookuptable.he useof

stch lookip ablesiswel known in thIe program ing arts.
This lookupt ablelL contain an array ofth 1rottle pition
values as a function of at least two variablIes, such as the
desired air flow, the manifold absolute pressure, the engine

speedanldIoptionall, barometricpressuire'Ibisrelationship
is characterized b Lhe eqiation:

Decs>L-Uedi.ltt'osition=titDes cdViK.owMvAtRPM\tc.p.

Operating according to the algorithms into which the
mthodis incorporated, theL('N 11 wiLL reguiLarLy seect
froIm this abLethe valie of desired rotile position that
corresponds to the desired air flow and the current operating

As it ioves thetLrotil plate 6 to te dsired thrIttLe

position via theL ' systei, the EL(M 11reglarLyrecuives
feedhack from the ITS senisor 9 as to the actual throtte

position.Step 150showsthat theL CM 11usesthisfeedack

to adjust the position of he throttle plate 6 according to the

method 10,
Step 320 invoLves deteriniing the amont of fuel that is wn

requred on a per cylinder basis hy usiNg the desired uel

flow that was calculated instep 120. [his is a simple

ciLultioilli baseL in the nimlerofcyliinders in the engine
. Using thereqired fueL per ylinder, t(I CM11 Iben

deteritnt ist lorrespoitditg injector pulse width, ihe sig- t,5
nal that is used to activate each injector(s) [7 according to

the timig sequence.Ib is is represented by Step 8.

12
In a DOHca( enine iwhich each -camshal is equipped

with a contiuously Variable cam tiing itechanisn, step
130 pertaiis to tMe calulatiotiofthedesiredpotioioins fr
hoth the intake and exhaust cam phasers72 and 82 osider
5irst theintake vilves. Using the current operating condi-

otis such as those inldiatixe01eilg ie lod aid those
btaiied lrotiie CTS seinsr 29, IPMsenmsor 33 and, if

availableBAR Wseisor 35, the L'M I deterinites the
desired position' or the intakecam phaser 72. This relation-
sLip isCllaracteriued t by he equation:

IcipDtQ iko ijtujj=.jt

Th Lcurrentengite load cartbe calculated accordingito

knownprattice froii the PS semsor 9, ie MAP sensor 30,
the idicated mean efLective pressire(IMLP) in the itake
manilud 7,eginetorqtieaitd ifavailable, MAF sensor 36
[ILP is a neasurei fengie load, one that canl eascer-
taitledaccording to well known practice.(It siiild Lbe nted
ttat engiie load isa parameter Lia is eginealiibration

speciLic. Basedon tIhe dlays inherent to einLiiteciintrol
systems,instabilities could occur in some engine coigu-
ratios if the actual,rather thandesired, engine load is used.
Tis isdue to the effect that cain phasing has on engine

load.)
Indeterminingmthe desired intakocam phaser position,thle

L'NI 11 will preferably iuse a lookup tablI- 1li lookulp
table willconttain an arravol values Of intake Cm phaser

PoWiti as a fLtction of at liast ivevariables,sthl as
etigiinespeeli(anLetigiie load. F1(. 6illtstratesanexi
ofstich lookuptalileL Engine load valeis are listed erti-
call At left a d enginespeedvalues are listeL horiziontally
at ieto of ALte taLile. [Le engineLoadvalues are expressed
int tris ofmaifoldabsluiiite pressure, IMLP and elgitne
toirqe i" percenttagei the torqte that woule be obaiiable
at wideopeinthrottle (WOT). In Ithe body of the tabc, the
values f intalke cam phaser position are expressed in

diegrtesof advatce. Accorig ttits algorithms, the LI'NI1
will regulitlyxseetfrom thistable tievalueofintakecan

Phalserpiisititthiti ste loselcorrespotds to the cutirreit
engiinespeedandi load contidltilios. [or improved accuracy,
itterpolation between taile vlues will pireferably be
eiiployed.

S hedesired value of intikee ciam ihaser position will

prelerabily Lie ceorrected to accommodate lie effects of
engiietemlperature and atmnspheric prssure. H . 7 illus-
tratesanexanlple ofa temleratIre-clrretion curve I': It is

1 lotted agtiinst engitietemperatureoitn hehoioital ais and
aI igaiitst tte cirrecti faitictoir ol the vertica lxis. It increases

itio toically,preferabliiearly, tttiltemIIperatire T,, is
reached, atwtich pIoint th cuie TI has itst aximim value,

unity. When lhe temperatureti otheetgine I id less than or
equl ,to rmpieratiureI ', itake cam phsing is t delsired.
When heetginte tepiilierattire lies ibov I.te, ntperature-
correctiionis reuiredL . [LIe desired intikel C i plaser ptosi-

li is dhen ilade equal o the valIe olltineldfrom tie tale

lokup multiplied bythe telmperature-clrrection value take
froim Curve T.. It is presently preferred iti ltb mietiniimi
temperature (T')L e approximately 20 C. atd hi tlie
maximun temperature ('l) ealoutL 110'

IG. 8 illustrates an exalile of a pressure-correction
curve P. It is plotted aginst amLient pressure on the
horizonital ixisand agaiinst e correetioi ictorli t he
vertical axis. It increass miootoniall, p1referably linearly,
intil pressure1 P, isreaLCheLd,at whilh poilt the curveP.has
its maxiniumin value, unity. Whenatmlespheric pressure is
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less than or equal to presture P, intake cai phasing is not
desired. When the pressure lies ahove P,, pressure-
correction iis retquired. Ihe Iesred intake cam phir posi-
lion is Then ade equalto he value obtained from thetabic

lookup mulipliednot only by theteperalture-correcion 5
value taken frOm urve TI but also b' the pressure-

coreetini value taken from curveP It is preferredI1-hat the
minimum pressure (P)be ipproximately N KPaand that
the maximum pressure (Pj)e about 105 KPa. tepurpose

of this correction is to climinate or reduce cam phasing when

e elnglnis perated1 thigh altiudesorwhieatmospheric

pressure is reduced die to weather.

Once it ealetlates the desired value of intake cam
position, the ElM 1 direts the intake cam phaser 72

through drive circuit 46 to alter the angular reIationship :

hetween the intake cansha 71 and the crankshat 24
accordingly. In doing so, the CM I11 adjists thei peni lose
timingof the intakevalves 18, and thereby enables the
engine I obtain the desired operating characteristi's i

regards to the intake camshaft 71.

onsider now the exhaust valves. Using tlie current
operating coiditionssuch as those indicative ofengine load
and those obtained from the (CS sensor 29, RPM sensor 33

and, if available, HAR senstor 35, the CM 11 determines

the desiredposition for the exhaust eam phaser 82. This ,

relationship can beepresse as

In determiningthe desired xhut cam phaser positin,
tlbe LCM I will preferably isea lookupable.Ib is lookip
able will comainan array of values ofexhaust cam phaser
position as a funcio of at least two variables, such as

engine speed and engine load. IG. 9 illustratessutch a

lookup table, oie sinlar to that used iT calcilation of the 3,5
desired intake cam phaser position li thle body of thistable,
however, the vaLies ofexiaust cami phaser position are
expressed in degrees of retard. According to itsalgorithms,

the L(M 11 will regularly select fromthtis table the valuetif

exhaust cam phaser positiontt6at most closelycorresonids
the cirreit etgine spteed and load contditions. Ior

intprovedaccuracy, interpolation between table values will

preferablyi e employed.
ITe desired valuei Of exhaust cam phaser position will

preferablV be corrected to accoiiitmittodate tle effects of 
engineutemperature atatiospheric pressure. Using FIGS.
7 and 8, te temperature and ressure-correction factors Can

lieascertained for the exhaust can phaser 82 in te manner
previouslytdescribed for lie intakecat phaser 72. The
desitetlexhtatistcamttphatser positionwouildtthentbe eqtialto
tltvalue obtained fromt tetable lookup inltiplied by he
temperatture-cirrectinvalue takei from cuirve Tandby the

pressire-cOrrection value taken frotn curve P,.
Once it calciates tte desiretd vate of xthaust cam

positon, tht E 11 directs theexhaust cam phaser 82 in
througtdrive circuit 47 to alter the angular relationship

betwee thelexhaustcamshaft 81 and the crankshaf' 24

accordiigly. In doing1So, the LNI 11 adjuststei oLpenclose

tiinitg If 1t exhaist valves 21, and thereby enables the
engine 1 to obtainte esire operating characteristicsin
retgards1tohe exhtaust canishalti81

Step200 involvesdteriiningIte actual psitios ofthe

ititke aidehaliustciinshtafts71 ai81. As noted earlier,tle
LCM t11 utses feedbackrom sensors 56 aid 57 tomitor
Tte Agular relationshipbetweet the rankshal' 24 and the a
itake caishaft 71. Simiilarly, it uses feeack fromsensors

56 and 58 to monitor the angular relationslhp between the
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exhaust camshtaf81 and cranikshLaf24. It is thius througl tle
crankshaftantd camshaft settsors56, 57attd 58thtatttheL1M
11a sertutin teacttualpositions of te intake and exhast
camnshafts71 an 81.

It is wekowi that a change in te positinsofthe intake
and"Ir exhaustanl phasers 72 and 82will chaitge thte
vtilumetriclicienc 'oftIthettgine 1.(otseqienttly, step
211 involves calcuating tle new volutetric efficiency
based on the desired polsitioins of the caimisha'ts. More

Wspecileill; Ihe ECM tl ca1n calculate the new voluietrie
Ickien tinC d INthe lilic SpeIdt engilnlo bid and the

desired posititstit theitake a %exiaust camtshIts71 and
81.I tisileuatiotnisit ciarteri.edbthle euatiot:

It'Mtte55c1Poititnitantt'niJoitio.

Step 220 iitcites tat tit P(N 11 caiin calciulte the
voluiitcric efficiency baseid ot the actual, ratter Itan
desired, positlins If the camitshtafLs. n this calculatiot, tle

engine load LIraLetr is preferably derived fro tLe actual

ettgiite orue.[ or the uiel-leat strategythiet esiredthlrottle

positinascaeculatet in stel 140 can be determined]using
the volunetric efliciency resulting from either step 210 or
220.

5 Ineithercase, the volittetricef Liciency'ill Ireleraibly be
tdeteriiied Ibriuglt use of a IookuptA'l This table will
containtan array ofvaluesof voluiitmetricelicienc as a
'unction ofseveral varialles, suchas the IM posiitm(s),
entgine speedad engine load. According toits algorithms,

oN teLI 11 wMill regularly selectfrom te tableK valueif
vIimeticlliciec tatt lost closelvy corresponds to the
culrret operatingctnditiots.Itterpolition m, of course,
lie usedtoimpltrove'accracy.

Step 230involves calculatingthLe dilution, i.e.,theextent
to whIchthe exianust gasessudi bei r are being re-ingested
into the cier(s)13. Using data obtaitedI rom the rel-
evantscnsirs,tite' E I 11caindLetermine tthedesiredamounti
of, dilution from lieeLngine speed], entgine (lad, and tle

desiredpositionsofitheintake andexhatistcansha'ts71and
t 81. 'tdesired camsblatlpositiontsare iade available by

steip 190. Similary, the LCM 11 can deterimiei te actial
amount of diuiin from the eigine speed,engine load, and
the actal pisitionisofithe intake and exhaustcanishafts. 'he
actual iasia't positionsare made availabIc by step 20). As
shown in step10te LCM I11 comptitsatesfort le effects
of tie ilutioi it asertainitgttetdesire fuel low.' te

CN 11 will l'socompeisate for the effects ofthLe dilution
in calculating the proper spark timing

FIG4eptitsitereferre enboietof teivetioni
t iartely, tsint themetioti 10l toimtpleintt the air-lead

straegy. Ihisstrae enbIles he engine I to operate i a
substantially stoichiometric manner, and periitsthe cata-
hyic converter 27 to operate at maximum efceiey. Oper-

ating according to this strategy, theL 11tries to keep be
air-ftielratio at stiichiometry and, in tingsoi , overrides the
fuel command. Alttougthi e thrOtte plate 6 takes a inite
time to move to the desiredpsitiin, te iIntake manifold 7
takes arelatively lotg tme to drawte air Patt 1 hrittle

plate 6 aid this to ill. Cnsequently, ine lieair-lead strategy
n step 360 iinolves calculating tte actual amout of air A tis

heig delivered to te cyliders (i.e., the low of air mass
into the intakei anifold 7). The LCM 11 can calculate this
air iass flow fr ntte ata it ecei ron sesoirs such as
the MAP, RPM,IA 'antd 'TS sensonirs30,33,28 atd 29, an,.
if available,t to AR)anidMAF seIsors 35 an 36. Th

CNI 11 also takes into account the volunetric efliciency of
the engite, as notd below. In caculatig teactual airov
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rie (M [1 may also iuse the indicated mean cfectlive

pressure(IMEP) in the combustion chamber19.
asled on III desired air-joel ratio, various transientfuel

efleets a thei ctual air flow ascertaield in step 360. the
desired fuel IIow can he calculated in sep 121). In the
air-Iead strategyh owever, the desired l Ihow will thus be
th ea iout of UI neces sary to achiev estoichiometry. This
can ecalatedaiccording to the equation:

DI s.te; d I LIU II I I T dtA E- LIC 1 A L u '/ d A <\ A 11 :0
Step 370 involves determining the amount of fuel that is
reeuired Oil i per clindeir basis As with the foeI-lead
strategythis is a simpe alcilation using 1he number of
cylinders in the engine I- Using the required fuel per
cylinder, the L(M 11 then determines thecorresponding
injector pulsc width for theair-leadstraty This isrepre-
sented by step 180.

Th L('N 11 regularlyt pdates the desiredthrolc posi-
[ion according to the changing opirating conditions, and
moves the throttle plate 6 accordinglyvia the LIC system. n
Italso0monitors the actual throttlepositionousing thehfeed-
back1f1 the TISsensor9ase 9 ndatedby step150 his
enables the LCM 11 to determine theactual iir lIow itany

given instant, ICCOrdil- t step 360. As inditedbsteps
[21), 371) and 180, theK EM 11 thus regularly adjusts the
itnjector pilse width in accordaice with the actual
(instantaneous) air flow,

In using the method 100 to implement the air-lead
strategy, steps 190 200, 210, 220 and 231) are perlormed in
essentially the same way as describedaboive i onnection

ilt the fuel-lead strategy. This includescorrecting he
desired values of the itake and exhaustcamphaserposi-
lions to accommodate the eflectsol engine temperature and

atmosphericpressure. Once it calculates the desired value of

ititakecam positio, the ECM 11 directs theiatakecam
phaser 72 through drive cirlit 46 to alter the angular
relationshipbetwecn the intake camshalt 71 and the erank-
shaft 24 accordingly. In doitg so, the LCM 11 adjusts the
openclose timingi f the intake valves IN, and thereby
enablesthe engine to obtain the desired operating char- 4
acteristics inregards to the intake camshaft 71. likewise,
aftercalculating the desired value ofexhaust cam position,
the CM 11 directs the exhaust cam phaser 82 through drive
circit 47 to alter the angular relationship between the

exhaistcaiamshaft 81 and cratakslaft 24. By doing so,the
LC 11adjlists the openclose tining of he xhais valves
21, and tlereby enables theetgine I to obtain the desired
operatitgcliaracteristics in regards to the exhaust camshIt
81,

It is again noted thl the volumetric efficiency of the
engiinelchaagesiveaverateositiontsoiftheiatakeandori
exhaustcamaaphasers 72 and 82 change.Step210calclates
lievoilumetric elicieticybased oti thecdesireelpositiontsL'f
lie itaike atad exlhst camshaIts 71 atied 81, Stel 220

calculatestihe volumtric elicieicy based ita the acttIal
positioLs lf the caimshafts. For th air-lead strategy, the
desired throttlelIlsiiition as calculate i step 141) is preler-
ablye etermined Lusiig thevLlumetric ificiency resulting
froti step 210. Tie air miss lw \Calculated in step 360,
however, is preferablydetermined using the voltmietricn
efficiency resulting from step 220.

Intither al its emiiL dinients, the eho 1))iiproves the
opearatitg characteristicsiof theenigitac1, Genaerally stateed,
whetevrachangeis reuestedi the amout of lorque, the
tilethod 100 1'rsnds bym ljstiagi heatount offoeIltw o, I
thespark tiing, the pisitilL Of tle irottI plate 6, anlLor
thepositintisof the intake andor exhaust cam phasers 72
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atd 82todelivcrtheesiretd orque. Themietilhod 100adjusts
thoseipertia parmmeters iL a way that imaproves the ability
of the eaie to deliver the desiredo 1rque.priiducelessfeed
gaseimissin idleimore stablynd ,Li consumeless foel as

5cotmparet0iPttor art schemes.
Although the method1100is describedaiddepictedlherein

asappalying tiiboth theiataketile exhaust ciamshafts 71itd
81, it shotile heI laiprent atat it can ihe iplied to cilher
aile. In an ItakeOnly syste ithe L M 11 will respond
to a CiLinge in tirqu by ljusting the ue I low theL air flow,
the external L syste Ianld thlepositio Iof the intake am

phaser 72 to settiigs that alliwtlie engite to deliver :s
closelv ispossible tie desired lore i viile still prIvidig
lowI fed gas etimissiins. Inan Lxhlaust Oly systeti, the
L( M 11 will respnL d to a change intorque Iadjusting the

foel flow.tiem air iiwi iidthle psitio fte xihi st cam

phaser 82 to settitgs that eLe the eigitie to deliver
inmproveed Ieletoiioi ln   lonetrt iissionswhiile still
iimiitaminig drivemibility.

T Ihe itiventior also citoitelilates that the itaike aten
exhaust valves coil be ecroically drive, as oppoised to
beitt cimshal( driven. CotaselIentlv, the Ieri variible
valveitig eIcILIpassesboth nmeclLhanicallv and elecroni-
LLlycIIitroLlle valves, a1d IayLI alyto the phlasitgof

c ither the iitake valves or the exhaust valves orboth. I
additionhL patositioin fa variable vlve tiiniig mechaaisima
may bve ceitstruteeltoeian lie position ofaicmishllttileits
IssLciated cams.

I tpresitlyi preferrel and various alternative eiboidli-
m11tilells for cLrrying ultthe invention have been set forth in
detail according to li Patent Act. Personsof ordiiLry skill
in 11te irtowhaich this iveltion lierLtas mayi evertieless
recoignieL ailternative ways ofpracticingtheinveitnwith-

Lit dItpmrtiig froi the spirit Litdie scoie LIf the following
m ais.Persons ofsuch skill will also recogni/ ihal ihe
foregiiigl escriptiotisilustrative of lk invetiion and not
itteneldl Io limitl ay oftIeenastling claiis to ny particular
narrow itterpretation,

What is caimnel is:
1. A mbthod lf improviag lieoperaitgcharacteristicsof

An Litertalobstint ginceqippedwithianelecroni-
cally conitrolled throttle, a fuelinjectoriand mvariaiiL valve

imingniechanisnisaid variablevalveiming meciaIism
beiig ustedtLI control thetiiming of least iie of intake
valves and cxlilst valves ofsaid etigite, sLid method
coIimrisitng he repeaited perfiormance ifl It leastthefiillow-
ing steps:

(a)LascertainiiigaLdesired torqee requestedif saie engine:

()calculatingah esireld fuelf lowbased onin aWmotInt
necesaryfirsai enigiie to rie saide desirted iele
Ltd o diltution occurring within y litaders of said
ngine:

(c) deitermining a pr-cylinler fuel aount hased on said
desirel fuel low and the number of said cvlinders in
saiehengine:

(ed)caluititagt nmectorpilsevidh vitlh iich io
aLivtiate saime fuel injector based on said per-cylider

(e)calcetitngaLlesired ir fow basedansai dllesired foe
hlowacoiredinigti a desireelair-hee ratio;

f)mniitIringi an aLctalL poittio osIie thrittle;

(g)eletermitaing aedesireelPositionl if saidthrotleLas i

fittiiitI of t leLst twoI o said desired air flow, an1
abLsliutepressureinaiitakemanifold oifsti egitie,
a speed ofasaid engiine avolumetricehicietcy of
saielengine:
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(I) adjusting said throttle Io said desired position with
regardo saIllIid acl isition[ osaild throttle;

(i) determning a desiredpositionl f said variable valve
timning mechanism asa unctioinf at least said speed
of said engine and a load of said engine;

(i irecling saidlvariable valve lining niechanism Io
move to said desired positioithi causng said timng
at which said]t leastline of said imake valvesatnd said
exhaust valves open and close toiperate according to
a schedulethbat improves said! operailng characteristics
of said engine;

(k) m I nioring an actual position of said variable valve
timing mechanism;:

(1) determiningsaidolumetriceiciency ofsaidengine
as afonctionoflsaodspeed of said enine saidloaid of
said engineioadone of siida esited aid aal pisitions

fsai cvariable lvetimingnechanism; an

(m) caleiating said dilution occurringx iLOin siaid lin-
ders ofsaidengine based on said speed Isiid engin

said loadof said Ieine andonie of soid desired and
actual positions of said variable valve timtiing meecha-
nism-

1 The me[hod, asdcaiiled in clai 1, herein said desired
posiIiIn of said vaIable vave timing mechanism is cor-
rected oLiaccomnodate the effectsofat least one if a
temperature of said engine anda barometric pressuire.

3. The metho, as claimed in claim 1, wherein said desired
torque InClIIdeS the torqle demanded by an operator of said

18
enginc anl the torluc consumed by at least one of a
transmission, a crLuise controlsysten, a traction contro
system and atleast e ofvariosither loadson said engine.

4. The method, as claimed in cliim 1, wherein saiddesired
Sposition of said [hriotte is also a function ofb arometric

pressure-
5[ The meto, as claimed in claim 1, wherein said

variable valve tiing mechanism includes at lciste oni o an
intakecLam phaser and anexhaust cam phasr.

6. he methodasclaime Lnclaim 5, wherein said desired
positionofsailvariable valve timing mechaism is cor-
recteid io accommodate thee fectsiif at least ine of a
teimperatre of si eninenld a barometc re

7. he miethodi, asclaimed in claim 1, wherein said
5 variabc valve timing mechanism is an intake camphasc

8, The method, as claimed in claim 1wherein saiid
variable valve timing mechanism is an exhaist camphaser.

9, The method, ascliimed in caim1 wherein siid lad
Of saidengine is determined from at least one of said
positionf sail throttle, said absolte pressure in said intake
manifold, nindicated mea n efective pressire insiiid intake
manifold, actualtorqte of said engine and lIow of air mass
into sail intaikemaniifold.

0 Ihe imetho, as claimed in claim I, wherein said
5 desired airIlow issilicienttoenable saidengineti operate

aCicoriig toi lean air-fuelv ixtire wherey productioniif
caron moitixie andnitrogenioxide(s) isiminimied
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Torque Management ofEngines
with Variable Cam Timing

Mrdjan Jankovic, Florian Frischmuth, Anna Stefanopoulou, and Jeffrey A. Cook

Aoo01tie powertain control systens are subject to diversec
andl'smilly. onlligiremenis lit pirticular.exhaust

emissions must mee increasingIy strin 'ent Federa! ad Califor-
nia standards while fuel econony* must reet customer expecla-
tions and contribute to Fedcrally mandated Corporate Average
Fuel Econcnmy (CAFE) inpraives. Neither vehicle perfor-
mance nor reliahility may be compronised in attaining thcse
goals (emission performance must be guarantwed for 100,00
niles). Ofcourse, all these objestives must be achieved at the
lowest possible cot and with the ininimum number of'sensors
and actuators,

The conentional method of reducing feedgas oxides offnito-

gen (N~x) ciissions i bytheapplication otexhaust Pas recircu-
lation (ER). Fonatioi ofINOx during the combustion process

is influenced by air-fuel ratio A/F) and temperature.These vari-

ables are typicallv adjusted bN directing
exhaust gas from the high pressure ex-
haust manifold via a pulse-width modu-
lated valve to the low pressure
induction system twhere it serves to re-
duce the combustion tempcraturc and
dilute the air-fuel mixture in the cylin-
der. A desirable sidet-effect is that the
presence of inert exhaust as rases the
intake manifold pressure reducing the
pumping losses and improving fuel
economy. Although effective, the dy-
namics associated w ith this system
(transport delay, valve and intake mani-
fold dynamics) can result in vehicle
performance deterioration.

The variable cam timing (VCT) sys-
tem with which this paper is concerned
addresses both drivability and emis-
sions peifomance by utilizing an dec-
tro-hydraulic mechanism to rotate the
camshaft relative to the crankshaft in
order to retard the cam timing with re-
spect to the intake and exhaust strokes
of the engine. Varable cam timing op-
etation is illustrated in Fig. 1. By retard-
ing the exhaust valve closing further

into the intake stroke, iore exhaut gas i drwin into Ot cylinder

provdinginternilc xhust gas re iriuionin Ithis manner, the
amount of residual pa, trapped in tthe cyindr at the end of the
exhaust strike is controtled by catitming, sippressin NOx
formation and reducing the pumping losses 11, [9), 114]. Fur-
thernore, this residual contains sone unburned Ivdrocarbons;
consequieint. retain it in the cylindcr through 1No combus

tion CVcles alISO redUces hydrocarhon emissions [S

in addition to the reduction of NOx aid iC emissions, vari-
ahIc cati tiny pernits the engine designer to optimize cam
timing over a wide rane ofenitin oprating conditions. proid-
ig bot tgood idle quality (inimal overlap betwon the intake
and exhaust events) and inproxed widc-op throttie perfor-

aincc (naxinui inducted chare). In this article, we xill is-
soe that the canshaft position is cotinunsty variable to
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othe trensient response w hich Alfects it the most. Ti' obsera-
to wiII e Used to iidif %Our desicnil ojectis in the next see- where 6

tion, because !ow controlt athority of the a- bypass talve I static flow

p[C\-nt its fri iirecovrngt i the fttue reponse of the cinve- cloed and 5

itunal cn,2ine.

Compensation with the Air-1ypass Valve
In the prei oussectioinwe showed anl effctive wayi inodu-

te the electionic hirotleii to ake a VC engine repond Ike the
concitional one. It Ilost Cass tie enite will beequipped only

wiitt ait-hvpass ,ale (ARV) v.hich is used to contril the idle
speed b moditying the aiount fi ar entering the intake manim-
fol. WeC1iplo the ABV to Affte the triansiiis ftIh VCT enl-

cnteand tiprove drisihitns-

'Because anl ABV hts much smaller contol autholrit than an
ETC, sc hav to chame ou desin objectivc: insteai of t ry i o

perfectl\ imtchtheresponsc ofttheconsentionaliine, w shall
oily try to modiythe 0toIquC transient to ia-e the same shape as
that ofcitonseitional engine. Tc steadN stte toruic will iit dIf-
ferent, Cual to that of the uncompenated VCT entile.

I' exp'ain thi point, we re'er to Fig fi The
dashed and dotted curves show the static
throttle-to-load (loat isthe tirtimali/ed cylinder
air charei c hraceristie at a fix ed enine speed
for conentional o' ( ) and fixed car

35= ') enginvs. Byv SCheduliin he li n oil
the thrttle andll eninc peed, we create a news

static Chraciteristic for theVc( enineshowni b

the sold curse inli. 6, Nw (our ohjecliv sc to
nxolify the transients of the VCT enine.a usne

the ABV. so tat :he lerqiuc responeI Is tle same
as that of ictitiousionvetiiialengine which
has astatic throttle t, load haracteristic hown
by the solid curve .

Thei nessoCbective creatfe a problem for the
design bcecase now we do nt have silple fer
ence manifold pressure dynamics. In fad. as We
change ifthittile, the schedlied chtantges,
and out referuine i fiiold precsuie mili
change We etmiphaize that it i nt sufficient to
introdueIC F(N. P.C i siad of F(VP in
the manifold pressure dynamics (8). The prob
lemi is that, at the step Chalgein . not onfly

rti the dynamics for tle reteretice pressure
chuC. butasito fereCe preslue aflue at that

Instant must chance (jumpt. The generation of
the desired reference ninifold pressure can he
dote systetCically at the expense of significant

complexity. Instead. as a reference pressure we
Ise tie steady state value of the unifold pres-
sure coresponfing to the current values of NJ),

anti(, . SimlaLti iresultsts iecanined that

the simpitied alcorithim performs very well.
Witltthe air-fyspass valve. the ideal gas law

Ias to take into aCcouit the additiontalair conintg
throuh the AHV:

I - AIC I'to(0, 1+ g 6i)- FtN.1 P ).

(13)

6 Il the openint- ofthe air-bypss tialv and gi is

ckharacterastc. We assign 6 1 it)o the coipletely
i Iit the titmletelylli openalte.t Folwing Ithe

stnnesieps slfotthe ektitiiictiiitle lmpensation. wse ohin

P

shere. as we have said above. the reference pressurei,P -

P.-\N,8,,6,<,1,)is the steady statevalue of tie mtatfold pres-
surecorrespondim tothe preseit valuesof Cte lariables N.0,6,.
and .The evaluation ofthe referencepressureP in red time

cal te done b\ esaluatin twofumntions of two lariablCs (two

look-up tables).
thle potntial fot insulit E the c Ilpelsilti'n with tie

ABV ismuch snallerthan wiithtii TC. Therea-ons are (i) at
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2r
epite the fact that there were a
thousand and one other problems
obe dealt with in the early days

of the automobile, auto pioneers were quick
to focus attention on the shortcomings of
carburetors. The drawbacks included the
possibility ofice forming within the venturi
in cold, damp air, and a tendency to vapor
lock in hot weather when volatile fuels were
used. Conversely, carburetors were unsuit-
able for use with fuels that did not readily
vaporize (remember. the automobile came
first-gasoline followed, almost anything
that would bum was used as a fuel at one
time or another in the earliest days). Also.
the venturi restricts airflow, and thus power.
Because fuel delivery depends on the level
in the float bowl, a carburetor is sensitive to

the inclination of the car. such as when
climbing hills. In addition, there was some
dawning awareness of the problems of feed-
ing multiple cylinders from a single "central
mixer," as described in the previous chapter.

Accordingly, some of the critics set about
designing an alternative, specifically what
we now call fuel injection.

EarlyProduction FI Systems
Although there were even earlier experi-

ments, perhaps the first production applica-
tion of Fl was by the German company,

Deutz, who built about 300 fuel-injected sta-
tionary engines around the turn of the centu-
ry. Hampered by a lack of precision manu-
facturing facilities, Deutz abandoned the
scheme soon after. (Deult is still in the busi-
ness of manufacturing industrial and marine
diesel engines.) Perhaps aware of Deutz's
work, Robert Bosch began experiments with
fuel injection in 1912. In 1927, Bosch
bought the Acro company, and the patent
rights of an Acro employee, Franz Lang.

K 94
who had successfully developed the equip-
ment needed for high-pressure fuel injec-

tion. Shortly afterward, Bosch began manu-

facturing diesel injection equipment of a

pattern that has changed little in the 70-odd

years since (see sidebar "The Real Jerk".

The adaptation of this system to gasoline-

fuelled engines began in the 1930s, initially

for use in aircraft. In this application, three

advantages of fuel injection over carburetors

stand out: freedom from problems of vapor

lock, no risk of icing, and a complete indif-

ference to the attitude of the vehicle. Vapor

lock is a significant problem at high alti-

tudes, because the reduced atmospheric

pressure there makes it so easy for the fuel

to evaporate that it is inclined to boil, form-

ing bubbles of vapor in all sorts of awkward

places that can effectively prevent any fuel

from getting to the engine. Carburetor icing,

while merely an annoyance in an automo-

bile. can be potentially fatal in an aircraft

And a fuel system that can keep the engine

running no matter what the attitude of the

aircraft becomes a mattcr of first importance

during extreme maneuvers, such as inverted

flight. Most, if not all, Daimler Benz engines

fitted to German aircraft during World War

11 enjoyed this advantage over their Allied

opponeits.

Early P Ra ISyte

If we substituteseerecornering for

The straight eight engine of
Mercedes Benz's first post-
war Formula One race car-
this streamlined W196-
injected fuel directly into
each cylinder, a system
developed from Diesel injec-
tion principles. (Mercedes
Benz).

19
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In a diesel, the cylinder at the end ofthe compress onstroke sfilled with nothing but air: combustion cannot
beginuntil the fuel isi ected. Thus, the moment oflintroduction of the fuel is equivalent to the ignition imingon
a spark-ignition gasoline engine. For that reason, control is needed over not just the quantity of fuel injected. but
also the timing of that injection.

Because the fuel has to be kept separate from the air until the correct instant for ignition the fuel is injected direct-
ly into the combustion chamber the injector nozzle lies inside the cylinder. As a result of that, the in ector isexposed to full cylinder pressure during the power stroke. To prevent combustion pressure from blowing the fuel
backward through the fuel lines, the injector is fitted with a very stiff spring-loaded check valve. This checksalve
also performs a number ofother important functions. It prevents fuel from dribbling out of the injectors between
timed squirts, and ensures that the start and end of each injection is clearly defined. Without this valve, the fuel
spray would taper off gradually toward the end of each injection. The check valve, in conjunction with similar
check valves at the pump outlets, also ensures that the fuel lines leading from the injection pump remain filled with
fuel at full pressure, to ensure that the pressure pulse from the pump is transmitted immediately to the injector noz-
zle. To overcome the resistance ofthese check valves, the entire system has to operate at a very high pressure-as
much as 3000psi

The desin of theclassicdiesel injection pump, and the gasoline injection pumpsdirectly derived from that
design, follows from the three requirements: to control the quantity of the fuel delivery, and its timing, and to pro-
vide a very high pressure output. In construction, it consists of an approximately rectangular body. bored with a
number of small cylinders-one for each engine cylinder-each of which is lined with a cylindrical sleeve Thewhole thing thus roughly resembles a miniature engine block, a similaritythatextendstothe bottomend ofthe
pump, which has a shaft running lengthwise through it.,analogous to an engine's crankshaft Instead of crank
throws, however, this shaft has a number ofindividual cams, one for each cylinder. Each cylinder in the pump con-
tains a piston-like plunger that is driven up its sleeve by the corresponding cam lobe as the pump shaft rotates, driven
by the engine at half crank speed, like an ordinary ignition distributor.

The mechanical drive thus provides the timing and the necessary pressure. leaing the problem of control of fuel
quantit.To achieve this, each sleeve has a "spill" port drilled through its side, while the upper edge of each plungerhas its side cut away to form a sort of'spiral ramp. The sleeve fits in its bore with a verysghtclearanceandsois
free to rotate. Rotation ofthe sleeve in its bore thus covers or exposes the spill port, according to the angular posi-
tion of the sleeve relative to the spiral cutaway on the plunCer. With the sleeve rotated so that the spill port is cov-
ered even when the plunger is at the bottom ofits stroke, the only route out of the cylinder is through a hole at the
top, where the fuel lines to the injectors connect. A single stroke of the piston will thus expel the entire volume of
fuel field in the cylinder; this represents the maximum capacity of the pump and thus corresponds to full power.

At anything less than wide-open throttle, a lesser amount of fuel per revolution is obviously needed, and this
reduction is achieved by rotating the sleeve around, relative to the plunger. so that the spill port lies some distance
above the plunger's spirally formed top edge. Upward movement of the plunger thus initially causes fuel to be dis-
charged from this port. from where it is fed back to the tank, until the plunger rises far enough to close offthe port,
and injection commences.

The rotation ofthe sleeve(s) is accomplished by a toothed rack that meshes with gear teeth cut onto the outside
of each sleeve. The rack is connected directly to the throttle linkage, so moving the pedal rotates the sleeves with-in the pump, thus controlling the quantity of fueldeliveredwith each strokeof theplunger.

Although such a mechanical injection pump is, in fact, quite a simple device. and contains few parts just two
per engine cylinder served, plus the camshaft and rack--the quantity of fuel delivered per stroke is very small, so
all those parts have to be made with extreme precision. involvin uch hardening. giinding and precson au-
\I--
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n.Accordinglymechanical n pumps known widely and for fairly obvious reasons a jerkpumps-
are mighty expensive. When adapted for use with gasoline, rather than the kerosene used in diesels, there isthe

additional problem that gasoline is a "dry" fuel. lacking the lubricating properties of diesel fuel, thus demandin

the use of extremely hard. wear-resistant alloys, which further adds to the machinindifficulty and expense

The famous Mercedes 300SL "gull-wing" coupe introduced fuel injection to the street. Like the W196,a system of direct injectionwas

used. (Mercedes Benz).

inverted flight, most of the advantages listed
are also highly applicable to race cars.
Accordingly, by 1937 Mercedes Benz had
tested a single cylinder mockup for a racing
engine.using high-pressure injection of fuel

directly into the combustion chamber In the

meantime, a handful of European makers of
small, two-stroke engined passenger cars
had introduced this "direci" fuel injection, in
an attempt to tame the notorious thirst of'
two-strokes that results from something like
one quarter of the air/fuel mixture whistling
straight out the exhaust ports during the
intake/exhaust event, when both inlet
("transfer") and exhaust ports are open

together Because these engines were two-
strokes, the injection pump had to run at
crank speed. rather than half-speed, as for a

four-stroke. This provided Bosch with valu-
able lessons in running their injection equip-

ment at high pump rpi.n Mercedes's first

post-war Formula One race engine made
direct use of the experience so gained, both
their own and that of Bosch.

In both the M196 Formula One engine
that appeared in 1952 and in the engine for

the famous 300SL "gull-wing" sports car,
first exhibited in New York in 1954,
Mercedes retained the direct (into the com-
bustion chamber) injection scheme used in

tile
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The location of the injector-screwed right into the cylinder head-is apparent in

Chrysler Archive)

diesels and in the earlier experiments with

gasoline fuel. Combined with suitable injec->

tion timing. this allowed radical valve tim-
in and experiments with 'tuned" intake

pipes. without introducing the problem of

poor fuel economy from portions of the

intake charge being lost out the exhaust.

Until injection occurred. after the exhaust

valve had closed, the engine was Inhaling

only air,

Dies erk ' mp
Given the existence of an establishedtech

nologv for injecting fuel, it is hardysurpris-

'0
4

eAl`

-7,

ing that the diesel "Jerk" pump was adapted

in this way for gasoline injection. The adap-

tation, however, required hurdhng a major
difficulty-the problem of regulating the

quantity of fuel delivered throughout the full

range of engine operating speeds and loads

Unlike gasoline engines where power is

controlled by closing off (throttling)the
airsupply, yet where a very iarrow range of
airfuel ratios must be maintained,ona
diesel there is no 'throttle" as such At any

givenspeed the engine inhales the same full

load offresh air no matter what the position

of the gaspedal varying the power is sim-

this cross-section of the 300SL engine, (Daimler-
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esembiance to Diesel engine practice is clear in this exterior sho of the300SL engine. Gasoline's lower lubricity, compared to diesel

Icompelled the use of expensive, wear-resistant ays in the injectonpup.(aimler-Chrysler Archive)

p ya mater of injecting more or less fuel.

oweris regulated. in other words, by

adiustin the mixture strength, In the sim-

per dieselystems, at least, this is directly
controlled by the driver s right foot--the

engineruns extremely lean at light throttle,

and rich to the point that it visibly smokes

when maximum power is demanded. In fact.

i is the smoky exhaust that sets the imit for

the rated power of a diesel engine; more

power would be available simply by inject-

ing yet more fuel-if we were prepared to

put up with the smoke. (Even at full power

the amount of fuel injected falls short of'a

stoichiometric rnixture diesels are always

running "lean." which is one reason theycan
never produce a muchpowerasagasoline

engine of the same disp acement)
The inefficient breathi of an\ piston

engine, gas or diesel at speeds'welaway

from the rpm at which torqCu peaks means

that the mass ofair inhaled per revolution, at

an iven throttle etti. illmost dcfinite-

l not be constantacross thespeedrange.

Because of the asoline ginesfinicky
appetethe amount offuelmixedinwith

that airalso has to bevarieon thebasis of

the quntityofair inhaled and not just

F

N

0
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3~~~ 141261. Cenroul gov he

The complexity of the mechanical controls for the Bosch system used on the 300SL is mind-bogging. Fuel delivery of the pump (only the

camshaft is shown, 11) is controlled by the rack (9). The position of the rack is governed by engine speed, via the centrifugal weights

(14) acting on a contoured cam (13), and by throttle position. Other factors are accounted for by a barometric capsule (5) and a tem-

perature sensitive device (4). (Robert Bosch Corporation)

according to speed and throttle position
Adapting to Gas Engines-To adapt a

diesel jerk pump to gasoline operation, thern.

means that the rack (see sidebar, page 20)
cannot simply be directly hookedu to the

loud pedal: the relationship between the two

has to be modulated by some othercon-
trol(s) The usual wa this is doneis by
adding a set of cenrifugal -eights, some-

what like those in a traditionalinition dis-

tributor. to provide a signal proportional to

engine speed. plus a diaphragm that "reads"

manifold vacuum, a fairNl close approxima-
tion of engine load. These additional control

devices are connected to the linkage control-

ling the rack via a systern ofcams and links,
with the shape of the cams tailored accord-

ing to the idiosyncrasies of the engine's
breathin,

The monkey motion of these additional

levels of control added even more to the

substantial cost of the pump itself, demand-

ed meticulous adjustment, and its complexi-

ty mocked the essential simplicity of the

1. Sensor on contourecr

3. Enrichment solenoi
4. Thermostat
5. Barometrict(ell
6.Check valve
7.Plunger unit
8.Toothed segment
9. Control rack
10. Rollerltappet
11. Camshaft
12. Governor contirollever

16.Sht-offolenid

24
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basic punp. Indeed, one observer at the time

rusedaloud that if all engines had worn

fuel injection all along, then someone

invented the carburetor. he would have been

haiied as a genius.
hjector Location-Apart from the

mechanical complexity of the "add-on"

speed- and load-sensing, mechanisms at the

prUmp. another problem confronted this

adaptation fromdiesel to gasoline-that of
shielding the injector nozzles from the heat
and fury of combustion. Surprising as it may
seem, .gasoline combustion chambers see

higher peak temperatures than diesels. On

their M196 Formula One engine, Mercedes
dealt with this by fitting the injector into the

side of the cylinder, where it was masked by

the piston at TDC and thus shielded from the
worst of the inferno.

Certainly, timed direct injection deals with
the potential issue of fuel consumption,
especially with radical valve timing, and the
high pressure spray of these systems is
favorable for atomization. but against these
advantages were set the problems noted
above. plus the issue of the power required

to drive a pimp that has enough grunt to
blow open the stiff check valves in the injec-
tors and at the pump outlets, used respec-
rives 'to prevent combustion pressure from
blowing back through the injection lines and
to keep the lines fully charged.
Nevertheless, the fact that engines operate
quite happily on carburetors made it clear
From the outset that there was no absolute
need for precision tiring ofthe fuel delivery

in a spark-ignition engine.
Granted, a carbureted engine would prob-

aly make a little less power than a similar
one with direct injection. but some part of
this mioht be attributed to the fact that a sep-
ariate injector for each cylinder eliminates
the problems of a central mixer, rather than
tothe timing. Of course, the same thing can
beachieved with carburetors if a separate
crb is provided for each cylinder That,
howeverwould be heavier. probably more

expensive and arguably even more complex,
depending on the number ofcylinders.Thus.
while a handful of other Formula One teams
and upmarket European sports car manufac-
turers also used Bosch gasoline injection. to
the best of this writer's knowledge, all these
others left the injector just outside the com-
bustion chamber, aimed at. and spraying

against, the head of the intake valve.
But if you decide to locate the injectors

outside the combustion chamber. then you

don't need to fight combustion pressure, so
you don't need a very high pressure pump.
Also, if the injector lies outside the cylinder,
then you don't need to time the injection so
it occurs with both valves closed. In that
case, why bother to time it at al? And if the
timing of discrete squirns is not crucial, then
why does the fuel have to be delivered in
individual pulses?

Early Continuous
Injection Systes

These questions had ocurred to a good
many people, and an alternateform of fuel
injection came into being. In these, fuel is
injected continuously, rather than in pulses,
and at very much lower pressure than a
"jerk" pump provides, though still much
higher than the small pressure difference
that exists between a carburetor venturi and
the atmosphere.

The Wright brothers used a primitive form
of this continuous injection, as the arrange-
ment is called. on the engine of their first
successful aircraft. An engine-driven pump
of the "positive displacement" type-one
which supplies a fixed quantity of fuel at
each revolution-was used. to continuously
spray fuel directly into the engine air intake,
It should be clear that while a satisfactory
mixture strength might be arranged at full
throttle-presuimably after some tinkering
with the size and/or drive ratio for the
pump-with no means to reduce the pump
output the mixture must have become hope-
lessly rich at anything less than full throttle
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Although Stu Hi born had proved, years earlier, that sucha system could work on the track, Rochester were the first to demonstratethe
practicality of the simpler, continuous flow fuel injection system, as on this early "fuelie" Corvette. (Dave Emanuel)

But then the Wrights' had no immediate
interest in operation at part throttle!

Winfieli's FSystein-Aboul the same
time that Bosch and Mercedes were begin-

ning their experiments with timed, high-

pressure, direct gasoline injection in the
mid-1930s. Ed Winfield developed a low
pressure, continuous injection system,
intended forndy cars. Winfield's design had
provision for varying the fuel flow with
throttle position, but a lack of interest from
potential customers forced him to eventual-
ly abandon the scheme, and he allowed his
patents to lapse. It was not until fifty years
after the Wrights that racers had access to a
continuous injection system that dealt with

the part-throttle problem.

Hilborn Injection-Stu Hilborn achieved

this by incorporating a controllable spill
valve, connected to the throttle linkage, that

tapped off (and returned to the tank some

portion of the pump's output, according to
how wide the throttle was opened.

On the face of it. this might appear to fill
the bill but the assumption built-in here is
that an engine, at any given throttle setting.
needs a fixed quantity of fuel per crank rev-
olution, and we have already seen that this is
mistaken, because of the way an engine's
ability to take a full breath varies across its
speed range. As a result, gasoline FI systems
that use just engine speed and throttle posi-
tion to determine fuel quantity can be
arranged to provide a suitable mixture
strength only under very limited circum-
stances, and must inevitably miss the mark
by a large margin under others.

Still, schernes such as Hilbor's have a
long and honorable history when used with
methanol fuel As discussed in more detail

26
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nChapter 8, Methanol will tolerate wide

yariations in mixture strength with little
effect on power output, which helps mask
the inherent shorticomings of such a simple
system. In this case. rpm and throttle posi-
tion alone provide a sufficiently accurate
measure of fuel flow requirements, so it is
not necessary to measure the rate of airflow
at all. Since there is no need to measure it,
there is no need for the restriction of a ven-
turi or any other airflow sensor stuck in the
airstream. This improves engine breathing
and so promises more power just for that
reason alone.

Rochester System
For a street engine running on gasoline,

however, any purely mechanical system,
whether injecting continuoLIsI or in a series
of pulses. needs to somehow measure or
compute the rate of airflow into the engine,
and to use that information to modulate the
delivery of fuel so as to keep the air/fuel
ratio appropriate to the circumstances. We
have discussed how this can be achieved
with a jerk pump, but what about a continu-
ous gasoline injection system?

There have been many such systems
throughout automotive history; one of the
more recent and more widely used of these
is the Bosch K-Jetronic system, described in
Chapter 6. Nevertheless, the example most
ofus remember best is likely the Rochester
system used on "fuelie" Corvettes from
1957 to 1965. The heart of the Rochester
system is a spill valve that serves as a regu-
lator of fuel quantity--indeed, it is the only
mixture control element in the whole sys-
teni. Fuel is fed to the spill valve by an
engine-driven gear-type pump that simply
serves as a source of fuel at medium-high
pressure (200psi at maximum). With the
pressure tending to rise with increasing rpr.
The spill valve consists of a sleeve with a
number of ports arranged radially in its side.,
plus a plunger that covers or exposes these
portsaccording to its position, The position

of the plunger, in turn depends on a balance
between the fuel pressure and a force
applied to the top of the plunger by a mix-
ture control mechanism.

Increasing fuel pressure tends to raise the
plungerthLis uncovering the sleeve ports
and so bleeding off some of the pressure,
The mixture control device, shown schemat-
ically in the olloWing illustration, amounts
to a simple mechanical computer that
applies a spring force to the top of the
plunger. modified by the forces acting on
two diaphragms- one connected to the
intake manifold, and one to a venturi
through which all the air entering the engine
has to pass. The eight individual port injec-
tors downstream ofthe spill valve thus see a
fuel pressure that depends on a balance
between the supply pressure and the forces
acting on the diaphragms, and their output
varies accordingly.

The Rochestersystem is strikingly simple,
especially when compared to a jerk pump
having the controls needed for street use on
gasoline, and none of its parts require excep-
tional precision or expensive materials for
their manufacture. Although the injectors
themselves had to be individually calibrated
and installed as a matched set given suffi-
ciently large production numbers it seems
likely that the system overall would have
been little (if any) more expensive to make
than a pair of four barre carburetors.
Nevertheless. it remained a somewhat rare
and costly performance option, and justified
its price premium by offering more power.
Partly this was because the near-elimination
ofcylinder-to-cylnder variations in mixture
strength permitted a higher compression
ratio (CR) than was safe with carburetors,
but an advantage still showed even when the
CR was unchanged. We might attribute this
to three sources: nearly identical air/fuel
ratios at each cylinder, eimination of mani-
fold heating, and a reduction in the breathing
restriction imposed by the venturi, com-
pared with a carburetor. Although a venturi
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The heart of the Rochester system's control unit was a spill valve that returned to the tank a certain fraction of the fuel delivered by the

gear-type pump. The position of the piston in the spill valve was determined by two diaphragms--one hooked to a manifold vacuum, one

to a single =arge metering venturi that fed the air box. A system of links and rollers linked movement of the diaphragms to the spill valve

piston.

was needed to measure air quantity, the

amount ofpressure drop needed to provide a

useful signal to the mixture control unit was

much less than that required to lift gasoline

out of a carburetor's discharge tube.
In its day. the Rochester FI was regarded

by the auto industry and the public alike as

v-ery much a high-tech piece, and possibly

the final word in fuel delivery. Ironically, at

about the same time that GM was introduc-

ing this system, another completel different

form offuelinjection wasbeing ulveiled, to

much less public acclaim, yet this one would

eventually sweep away not only the carbu-
retor. but most other forms of fuel injection
as well.

The First Use of Solenoid Valves
The basis ofthis little-hailed breakthrough

was the use of an electrically operated sole-
noid valve as a fuel injector. Supplied with
fuel at a modest constant pressure, it squirts
at a constant rate as long as an electric cur-
rent is applied to the solenoid windings, and
stops when the current is turned off. Thus,
the quantity of fuel injected depends simply
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on[howlong the jiUce is turned on. If one

e ecral pulse is delivered every second

oluio of the crankshaft (for a four-
trine). then the air/fuel ratio of the

mxtue dilivered to the engine can be con-

tledsimplyby varying the length of each

pu set
idea ofusing a solenoid vave as a fuel

ijector is asurprisinglyod one. Such a
sheme had been developed by an engineer
aimedKCnnedy at the Atlas Imperial diesel
Ein Co, in 1932, and an installation

pperon a marine engine exhibited at the.
NeivYork Motor Boat Show in 1933,
around thesame time that Bosch and
Mercedes in German, and Winfield in the
US were beginning their experiments.
Given the primitive state of the electrical
scienesback then. it is mildy astonishing
thatthe thing worked at all, yet in 1934 a

milar but smaller engine was installed in a
truckand driven successfully fron Los
Anelesto New York and back.

e Electrojeeor'-A quarter century
at, AHWinkler and R.W. Sutton of the

Eps Machine Division, Bendix Aviation
orporation, announced the fruits of four
y s' work at Bendix todevelop awr FI sys-

tem fo asoline-fuelledautomobiles using
uhasolenoid controlledva lve as an in jec-

tm nconjunction with an electronic control

unitor(as they termed it) "brain box'" They
desrbed this combination of components

electronic fuel injection"-- surely the
ist time this phrase was ever used, The

ru t g "Bendix Electrojector" comprised
aseparate port injector for each clinder,

aspplied with fuel from a common rail
at aregulted 20 psi. Sensors responsive to
manioldpr.essure. engine speed. atmos-

phericpressure. and air and coolant temper-
ateed their various outputs to the "brain
bo"the electronic control unit (ECU)-
whch then calculated the instantaneous fuel

ru _rTments of therenie. On the basis of
thaalculationle ECU delivered a pulse
o Orent to a rotary distributor which fed

that current pulsetoeachsolenoid valvein
turn. causing eachsuccessivelytoopenand
supply fuel to the cylinderit served The
quantity of fuel delivered by each injection

was simply a matter of the duration of the
pulse-as onig as it was "on," the injector
would deliver fuel at a constant rate. At idle,
the pulses were of very short duration; at

maximum load. the ijtGOs were open for
as much as 150 crankshaft degrees.

At the beginning of the development of

the Electro ector, about 1951 or 1952, the
triogering signal for the ECU was provided
by a mechanical commutator--a simple

wiper making intermittent contact with a
segmented brass ring, as the engine-driven
ring swept past. Thatsoon gave way to trig-

gering by an extra set of contact points in a

housing sandwiched inder the ignition dis-

tributor. In at least the three earliestversions,
the working bits in the ECUwere .vacu-
ur tubes! One such unit was installed on the

VS engine of a 1953 Buick, and used to
demonstrate the system to the auto industry.

By 1957. when it became available to the
public in very limited numbers, the electron-
ics were, thankfully, all transistorized. This
eliminated theneed to wait for the tubes to

warm up before thesystem became func-
tional, shrank the size of theI EU and sub-
stantially reduced the electrical power

required to run it. and doubtless greatly

improved the system relability-vacuum
tubes do not take kindly to be rattled around!

The Electrojector was listed by American

Motors as an option for the 1957 Rambler

Rebel, but very few cars so equipped were
ever sold. A year later, Chrysler offered it on

the 300D and DeSoto Adventurer, and sev-

eral hundred with the option were manufac-
tured in 1958 and 1959.

Despite occasional problems from exter-
nal electrical ieldscausin the brain box to
go haywire, atdadegreeofunreliability of

the injectors themselves,onthewhole the

systern worked satisfactoriand matched
Bendixss claims ofmodest 5percent)
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improvements in both fuel econony and

power, compared to a similar engine fitted

with a pair of four-barrel carburetors. The

teething troubls were eventually worked

out. and by 1965Bendix had a fully devel-

oped production version ready to go
At this point, rather than try to produce

and market the Electrojector themselves,

Bendix decided instead to enter into an

agreenent with the Robert Bosch Co.,

which gave Bosch access to the Bendix

patents. Fron a busiiiess point of view, this

made a good deal of sense. In view of their

reputation in the auto industry as an estab-
lished OEM supplier-one with wide expe-

rience both in fuel injection and in electrical

and electronic equipment-Bosch was

clearly in a better position to exploit the

potential market. And fuel prices in Europe

were many tiies what they were in the U.S.

of the 1950s, justifying a much higherinitial

cost there, in exchange for the fueeconomy

benefits alone.

bosch etronc F
In most respects. the Bosch "Jetronic" FI

that first appeared on the 1967 Volkswagen

1600, was functionally identical to the

Electrojector system described by Winkler

and Sutton ten years earlier. Apart from tak-

ing advantage of advances in electronics to

produce a more compact ECU. this sys-
tem - since identified as D-Jetronic. to dis-

tinguiish it from later Jetronic versions- dif-

fered from the Bendix prototype in one

respect. In the Electrojector, the housing that

was piggybacked onto the initiodistribu-

tor and which contained the triggering con-

tact points also contained a rotor. just like an

ignition rotor: this distributed the timed

pulse to each injector sequentially. In the D-

Jetronic as applied to the four cylinder VW,

there was no rotor. bum there were two sets of

triggering contacts. one for each pair of'

cylinders. Each set of contact points drove

two injectors simultaneously, timed so that

one cylinder received its jection while its

intake valve was open; for the other cylini-

der the injection occurred with valves

closed. Fuel thus accumulated in the port,
awaiting thatcylinder's next intake stroke.

We have mentioned earlier that ihe mere
fact that a carbureted engine will function in

a satisfaciory way should make it obvious
that injection timing is, to say the least. not
critical, and the power gains realized with a
few continuous injection systcnis tended to
confirni this view. The matter was pretty
much clinched in 1959, when Mercedes suc-
cessfUlly used a Bosch jerk pump with just
two plungers, each feeding three engine
cylinders, on its six cylinder 220SF. This
must all have improved the comfort level of
the Bosch and VW engineers who adopted
the hop-skip timing used on the D-Jetronic,
an arrangement that allowed eliminating the
rotor used in the Electrojecto.

The Electrojector-based. intermittent
injection "Jetronic" systems from Bosch
have undergone successive improvements
and refinements over the years since the D-
Jetronic's introduction. Apart from the elec-
tronic innards of the control unit gaining
computing power while shrinking ever fur-
ther in size and weight, and the use of all-
electronic triggering (rather than contact
points), the major differences between one
variant and another have been in the way the

quantityof air supplied to the engine is mea-
sured. These basic differences between sys-
tems are reflected in the nomenclature used:
L-Jetronic. LH-Jetronic, etc. In addition.
most later systens accept inputs from addi-
tionial sensors, most notably an oxygen sen-
sor. also called an O- sensor or lambda sen-
sor. As mentioned in the previous chapter,

this is a device fitted to the exhaust system
that "sniffs" the exhaust gas to gauge its
oxygen content, thereby providing a direct
measure of what the air/fuel ratio actually is
at any ivC moment, rather than obliging
the systrn to deped totally on a set of pre-
programmed "maps or "look-up tables"
that predict whati e ratio should be for a
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ith the rear-mounted "pancake" engine nestled under the apparent floor of the trunk, earlier carburetted versions of the VW 1500/1600
were notorious for vapor lack problems. This is the later 1600 engine with Bosch -Jetronic injection. The ECU is visible at the far left.
(VW Canada).

given set of operating conditions. (See also
the sidebar "The Oxygen Battery.")

In many cases, control over ignition tim-
ing has been integrated into the ECU of
these systems, in which case they are tenned
"Motronic," again with vaiants according to
the method of air metering. Over trne, an
increasing number of ftunctions have been
combined into the Motronic system. includ-
ing integrated control over alomatic trans-
mission shift points and torque converter
ockup, the waste-gate on some turbocharg-

er-equipped cars. selection among different
ength intake ports on some othrs. and
authority over the variable valve lift and/or
timing found on a few vehicles. We discuss
these Motronic sstemsin some detail in
Chapter 4

K:eironic--At the start ofthe new mille-

niirn. the principle of intermittent injection
usingelectronicallycontrolled, electrically
powered solenoidinjectors is now Universal
on domestic passenger cars, and near-uni-
versal on models imported from Lurope and
Asia. Yel not everyone was an immediate
convert to this plan. It seems ironic now that
even after the pulsed (intermittent) Jetronic
system was commonplace, Bosch felt obliged
to introduce a continuous injection system, the
K-Jetronic (The "K" stands for kontinuier-
lich, German forcontinouLs). Early versions
of this were purely mechanical- in response
to ever-tightening emissions standards. later
ones- such as KE-Jetronic and correspond-
ing Motronic versions-added a degreeof
electro c control. In pail this apparent pref-
erence for an all-mechanical system ma
have been due to a powerful conservatve
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ntermitte f t ecodpower
withdriveabitity. eConml adoemsins(Wand)

streak among some manufacturers and their

enirneers. In part too. it may have been a

matter of economics-the intermittent sys-

tems may have been more expensive at the

OEM level. Although there were a few hold-

outs until the early 1990s. most of the var-

ous K-Jetronic systems were history by the

mid 1980s. These now-superseded (not to

say obsolete) systems are dealt with in

Chapter 6.
We will not be dealine with a handful of

sub-variants of Jetronic and Motronic FI that

are used on vehicles not imported into North

America.
To summarize. then. the essential differ-

ence between carburetors and fuel injection

systems is that a carburetor uses the pressure

drop within its venturi both to measure the

airow and as the means to propel the fuel

into the intake air stream. whereas Fl

mechanically forces the fuel into the intake

air in an amount usually determined by a

separate airflow or manifold pressurC sen-

sor. acting on an electronic or mechanical

system that actually controls the quantit of

fuel injected.

Basc Tpes of FueInjctionT
All fuel injection systems can be divided

up ito two basic types: those that inject fuel
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coninuously and those that inject intermit-
tetlyl in a series of pulses. Again, in either

case control over how much fuel is injected
canbeachieved either mechanically or elec-

tronicalN In the present context, only the
olddiesel-type jerk pump uses mechanical
cotitrol over intermittent injection; all Bosch
intermittent systems use electronic control,

Bosch K-Jetronic continuous injection sys-
tems-sometimes called CIS-may use

puelyvmechanical control, as in the original
o-etonic, or may include some degree of'

electronic fine-tuning on top of the basic
mechanical computation.

Miany FI applications, especially in newer
cars and in older high-performance ones,
use a separate injector for each cylinder,
This greatly reduces the quantity of liquid
fuellaying on the walls of the ports. If the
injectors are located very close to the intake
valves and the internittent injections are
sequentialthe possibility ofmaldistribution
of the mixture between one cylinder and
another is essentially eliminated.

Many others. though. are of the "throttle
body" type, in which the fuel is sprayed into
and mixed with the air in one centralized
locationthen conducted to the cylinders

hrough a thus "wet" manifold. just like that
a carbureted engine. This would seem to

ut it on the sane footing as a single carb in
terms of mixture distribution, but the fact
that the fuel is injected under pressure
means that it emerges from the injector noz-
ze s a very fine spray. with droplets so

small that they have a much better chance of
evaporating than is often the case with the
lumpy soup coming from a carburetor.

While a TBI system is thus likely to be bet-
ter in this regard than a carb, an individual

injector at each intake port can do even bet-
ter.

One of the further advantages sometimes
argued for 1-1 is that it achieves the maxi-

mum possible engine power because it does

away with the venturl. That is not quite true,

because it is a basic principle of science that

you cannot measure something without
afecting the thing you are measuring.

Certainly a venturi measures airflow, and in
the process it also restricts that flow, but

electronic fuel injection (EFI) systems that
use a spring-loaded flap valve or a "hot

wire" airflow sensor (the current needed to
keep the wire at a constant temperature is

used as the air-quantity signal) both offer at

least some restriction to flow, too. although
a hot wire (or hot film) sensor will impede

airflow much less than any carburetor ven-

turi.
The ultimate sophistication is to provide

an oxygen sensor (O sensor. lambda sen-

sor) in the exhaust pipe and to correct the

mixture strength from moment to moment,

based on that information; an excess of' O

calls for a richer mixture, and vice versa. For

all these reasons. EFI with an injector for

each cylinder is unarguably the state-of-the-

art for fuel-air mixing and delivery.
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THlEGYG'ENBATTERY

Rich mixtures, we explained in Chapter .mean that some of the hydrocarbon molecules in the fuel entering

the engine pass out into the exhaust unreacted-there simply aren't enough oxygen molecules available for them

to combine with. These unburned hydrocarbons are a source of air pollution, and lgislation severely limits the

quantity of them that is allowed to escape into the atmosphere. The shortage of oxygen also means that the reac-

tion with the hydrocarbons that do burn is chemically incomplete-instead of the hydrocarbon-oxygen pairings

forming CO, and HO 0many ofthem wind up as CO-carbon monoxide. Emissions of carbon monoxide are

also strictly controlled by law.

Lean mixtures would keep down the CO levels, and as long as they were just a little lean. the HC levels, too.

Ironically, excessively lean mixtures actually raise HC levels above those found with a stoichiometric mixture,

because as the mixture approaches the "lean limit" the air/fuel ratio at which the mixture simply wontignite-

some evlinders misfire, so all of the HC in that particular cylinderful goes straight out the exhaust unburned.

But even mixtures just lean enough to minimize CO and HC create high combustion temperatures. Too-hot

combustion encourages some ofthe nitrogen (N) in the air. normally thought of as inert. to combine with some

of the excess oxygen, to form various oxides of nitrogen-NOx. NOx is also a pollutant-it is the principle

source of photochemical "smog" -so the amount ofit, too, is limited by law. (Damned ifyou do; damed if you

don't!) A compromise setting
won't work. either. Anything -

lean enough to meet HC and CO

limits would bust the NOx limit,

and anything rich enough to

avoid excessive NOx would

lead to illegal levels of HC and
CO. (Damned even ifyou sit on

the fenceI)
The solution arrived at by auto

makers, beginnin about1975.
has been the "three-way catalyt-

ic converter." In essence. this

device splits the oxygen from

the NOx and helps itcombine

with the CO to make CO, and

with the HC to make H)O, and

more CO,. This works well
enough to satisfy the G-men ...

provided that the mixture was

neither too ich norTo rolean in

the first place. And the three-

way catalytic converter is

mity fLussy indeed about Iust how

close to the stoichiometrcidealth

illi)CinXtufrc has to be: mixtures

that are less than one percent either

1

-_ _ _2

q

Nr

1. (eremin material with catlytically ocive substances
2. Steel wool retainer

3. Housing

c onstruction ofa three-way cata tc cionvertor. Convertors are essential
to meet crrent emissions limits, but cai only do their job if the air/fuel mixture

fe tote egine is held very close tothe chemically correct ratio. And to achieve

that, a lamda (oxygen) sensor isess e ti (Robert Bosch Corporation).

3
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321. Probe housing
2. Ceromic shield
3 Electriol connetions
4.Shield tube w/sliis
5 Active ceramic sensor layer
6( Conta
7Shield

I i

104 5 6 7 P 9

Lambda sensors have a voltage output that rises from near zero in the absence of oxygen in the engine exhaust to
a bit less than one volt when small traces of it are present. This characteristic enables an electronic fuel injection system
to control fuel delivery on the basis of the sensor's reading of the exhaust gas. The sensor only works when hot, however.
To reduce the time between engine start-up from cold and the sensor reaching its operating temperature, some versions are
electrically heated. (Robert Bosch Corporation).

side of the chemical ideal render the converter next to useless.

No fuel injection system yet developed (and certainly no carburetor!) can hope to control the mixture strength

that closely, based simply on a set of values derived from the characteristics of some similar engine in a test lab.

The device that enables EFI to "know" just what the mixture strength needs to be at any instant for any particu-

lar engine out in the real world is the "lambda sensor."

In construction. the lambda sensor consists of a hollow ceramic bulb. with both inner and outer surfaces cov-

ered with a microthin layer of platinum. For protection, the outer surface is surrounded by a shield. This bulb is

inserted into the exhaust system so that its exterior surface is washed by the exhaust gas stream. while its hollow

interior is exposed to the atmosphere. In operation. the lambda sensor acts like an oxygen-powered battery: a dif-

ference in the oxygen level ofthe gasses surrounding the two surfaces of the sensor causes it to generate a small

voltage.
As vou might expect, there is very little oxygen in the exhaust ofan engine running on a stoichometric mix-

ture, yet there is some -about 0.5 percent. Surprisingly, even with a mixture that is about five percent rich, there

is still about 0.2 percent oxygen. Equally surprising, a mixture that is five percent lean will only contain about

one percent oxygen. A particularly useful feature of the lambda sensor is that its output voltage changes very dra-

matically right around the point of stoichiometr\ very small changes (a few tenths of one percent) in oxygen

Content lead to large changes in the sensor outptut. While the sensor will put out about 900 millivolts(0)
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when the exhaust oxygen content corresponds to a lambda of about 1.2 (that is. the mixture is about twenty per-
cent lean -an air/fuel ratio of a bit less than 12:1), and while its output drops to near zero at about lambda=0.8
Ian air/fuel ratio of near 18:1), almost all of that voltage change occurs within one percent of stoichiomctry The
voltage output of the sensor is fed back to the ECU. which slightly reduces or increases the duration of the on
time for the injectors, according to whether the sensor reports the mixture is richer or leaner than stoichiometric
This "closed-loop" control maintains the air/fuel ratio within 0.1 percent of the chemical ideal, thus allowing the
converter to do its Job.

In practice, an output from the sensor of 450mv is used by the ECU as the threshold of the lean limit and 500m
as the rich limit. This means that the air/uel ratio actually oscillates back and forth (though always within 0.1
percent of stoichometry) as the ECU responds to the voltage signal from the sensor. The time required for the
sensor output voltage to vary between these limits depends on its temperature. At idle. when the gas temperatures
are low-say 3000 C (about 5700 F)-that time interval might be as much as a couple of seconds; under typical
road loads, the exhaust temperature is more like 6000 C (1100' F). and the "cycle time" is reduced to less than 50
milliseconds (1/20 second).

The sensor is essentially inoperative at temperatures below 3000 C. so during engine starup and initial warm-
up theECU ignores the sensor voltage and falls back on a set ofinternal "maps," until such time as the signals it
isgettingfrom the sensor make sense, Accordingly emissions ar inevitably increased during this warm-up peri-

od. so to reduce the wait for the sensor to reach operating temperature, some sensors have an internal heating ele-
ment to bring it on-line as quickly as possible.
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