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In recent years, fuzzy technology has been adopted in a wide range of consumer, automotive, and

industrial electronics products.

At the same time, research in the automotive electronics field has focused on improving fuel economy,

decreasing exhaust emissions, and the development of safety features.
While the complexity of recent microcomputer control systems necessitates a large memory capacity,
much attention has been directed toward the development of control systems requiring less memory

capacity, an important factor in cost reduction.

To solve this problem, Fujitsu Ten has developed a fuzzy engine control system which has shown very

favorable results.

This paper explains the structure of the control system, the method of evaluation, and the results

obtained.

1. Introduction

The introduction of automobile exhaust restrictions in
the latter half of the 1970s has led to the development of
new automobile control systems. Among these are engine
control systems for improved fuel economy and decreased
exhaust emissions, and those designed to provide in-
creased safety and comfort.

In line with these trends, Fujitsu Ten began to explore
the increasingly popular fuzzy technology for application
to engine control systems, notably for idle speed control
(ISC).

ISC ensures that an idling engine runs at the target
engine speed previously stored in the memory of a micro-
computer. ISC has two aims. First, it aims at making the
engine maintenance-free. This is achieved by detecting
changes in idle speed due to aging and rotational fluctua-
tions due to load, and then adjusting the engine to the target
speed. Second, it aims to reduce fuel costs by maintaining
a low target speed.

Most current methods of achieving these aims rely on
integral control, which determines the intake air flow
according to the deviation between the target and actual
engine speeds. However, such methods require a great
many design and labor hours for the system to be compat-
ible with both the vehicle and the engine. Another problem
is that, since the gains of control constants are at rather low
values because of emphasis on stable engine speed, con-

FUJITSU TEN TECH. J., NO. 5 (1992)

vergence to the target engine speed is slow,

Fujitsu Ten therefore looked into using fuzzy control
to overcome these problems and improve control perform-
ance.

2. IDLE speed control (ISC)
2.1 Overview of existing ISC

Figure 1 shows the overall system configuration of an
ISC system. Figure 2is ablock diagram of the ISC system,
and Table 1 lists the functions of each sensor.

The engine control computer calculates a suitable
target engine speed based on signals received from the
sensors. It then outputs a signal to the ISC valve and
controls the air flow through the bypass valve so that the
valve opens only as much as is required to achieve the
target engine speed. This method of control also varies
with the condition of the engine, and the Engine Control
Unit (ECU) must select the most suitable form of control.

Some features of ISC are explained below.

1) Starting and warmup control

When the engine is started and for a fixed period
afterward, the intake air flow is set at a high level for better
startability and running stability.

To shorten the time required for warmup, the air flow
is also varied at this time according to the temperature of
the coolant.
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Figure 1. ISC system configuration
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Table 1. Peripherals of the ISC system and their functions

Device

Function

Engine speed sensor

Detects the engine speed

Throttle position sensor

Detects a fully-closed throttle

Water temperature sensor

Detects the temparature of the engine coolant

Sensors [ Starter signal

Detects operation of the starter

Air conditioning switch

Detects operation of the air conditioner

Speed sensor

Detects vehicle speed

Neutral starter switch (for automatic transmission vehicles)

Detects the position of the transmission shift lever

Electric load signal

Detects electric load

Actuator

Controls the air flow through the throttle bypass valve

Engine control computer

Determines the target engine speed on the basis of the signals output by the sensors,
sends corresponding control signals to the ISCV, and maintains idle speed at the target
value

2) Advance control

In vehicles having an automatic transmission, the load
on the engine varies each time the shift leveris moved from
drive to neutral, or vice versa, and each time the air
conditioner is turned on or off. This causes the engine
speed to drop orrise. Sudden increases in engine load can
result in engine stalling.

When these conditions are detected by means of
variations in the signals, the control system changes the
opening of the valve according to the anticipated change in
the load, thereby suppressing deviations in engine speed.

3) Feedback control of engine speed

When deviation arises between the engine speed and
the target engine speed while the throttle valve is fully
closed, the control system varies the opening of the ISCV
according to the deviation to bring the idle speed closer to
the target engine speed. The target engine speed changes
when the position of the shift lever is changed or the air
conditioner is turned on or off. Table 2 gives an example
of changes in the target engine speed.

Table 2. Example of target engine speed (NT)

Transmission

and range M/T AT

Air

conditioning OFF ON OFF ON
Electric load OFF 650 900 700 900
Electric load ON 750 900 750 900

2.2 Problems with conventional ISC

Figure 3 is a block diagram of existing feedback
control of engine speed.

Equation (1) below gives the relationship between
factors. The target engine speed is represented by NT, the
engine speed by NE, and the deviation between the target
engine speed and the actual engine speed by E.

E = NT-NE (1)

The amount of control (value of the integral) of the
ISCV is represented by IU. This feedback control system

NE

One-dimensional map search

Integral

=g | % 10
NT e b=l j IUdt ISCcv E/G NE
—
- L -
Deviation E
Figure 3. Block diagram of conventional ISC
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receives one input and supplies one output. The input is

deviation E and the output is IU, the amount of ISCV

control. To find IU, the deviation E is calculated and the
corresponding value found in the one-dimensional map.

This method of control, however, is difficult in mak-
ing the control constant suitable for all types of engines in
all conditions. Further, from the standpoint of engine
speed stability, the gain of the feedback constant is kept
rather low and the range of feedback is limited. These
conditions lead to the following problems:

@ The control constant must be matched to the type of
vehicle and engine. This adjustment requires consid-
erable design time.

@ Since feedback control is a form of proportional-plus-
integral control (PI), the control constant gain must be
set at a low level to ensure that the engine remains
stable even during changes in its condition (that is, to
prevent hunting in the engine speed). Therefore, when
the condition of the engine changes, the convergence
(follow-up characteristic) of the actual engine speed to
the target engine speed is poor.

2.3 Application of fuzzy control

To solve these problems, Fujitsu Ten studied applica-
tion of fuzzy technology to engine speed feedback control.
Fuzzy control is a general purpose control method which
can be used for any type of vehicle and engine, and it
responds flexibly to changes in the condition of the engine.

Fuzzy control has recently received much attention.
In essence, this control system provides what is called

equivocal control, that is, very precise control which
responds to the purpose of the engine and occasional
changes in its condition on the basis of human-language
oriented control rules — rules themselves based on human
and machine interaction.

3. FuzzyISC
3.1 Overview of fuzzy ISC

Figure 4 is a block diagram of engine speed feedback
control incorporating fuzzy control (fuzzy ISC).

The deviation is found from the equation below. The
target engine speed is represented by NT, the engine speed
by NE, the deviation between the target engine speed and
the engine speed by E, and the temporal change in the
engine speed by DE.

DE = [NE(i) — NE(i — 1)]J/AT (2)

The derivative, which is a part of the amount of ISCV
control, is represented by DU and the integral, which is
another part, by IU. Feedback control of the engine speed
involves the following two control systems:

@ One input (deviation E) to one output (integral IU),

and

@ Two inputs (deviation E and DE [temporal change in
NE]) to one output (derivative DU).

The sum of the integral IU and the derivative DU is the
amount of ISCV control.
To obtain the output, the two control systems use

NE
Fuzzy reasoning
Consequent
Antecedent Non-fuzzy
PB +1
= E M YRS DU (Derivative) +
! ] |we Iscv E/G
== 9 2] |Weghed re NE
DE m w5 | |calculation
NM -
d EETET

Fuzzy reasoning

Integral

Consequent Non-fuzzy
Antecedent w4

E Pt +2 18] IUdt
P5 ol i —
M 2.0 s

NS 1 calculation

Figure 4. Block diagram of fuzzy ISC control
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simplified fuzzy reasoning which defines the consequent
as a constant.

The following section briefly explains the method of
reasoning.

3.2 Membership function (equivocal set)

The membership function continuously expresses the
degree (fast, slow, large, small) of control measures. For
example, in response to the input “large,” this function
expresses numerically how large (in terms of the human
expressions very large and quite large), and is often rep-
resented by a triangle, trapezoid, or bell. To make the
system easier to control, Fujitsu Ten’s fuzzy ISC uses only
a triangle and a trapezoid, since the triangle and the bell
serve the same purpose in control action.

Figure 5 shows the membership functions used in
fuzzy ISC control.

(%) NB

NS ZO PS PB

Suitability

(rpm) E

(%) NB NS PS PB

=] g

Suitability

(pm) E

D | ) g NS ZO PS PB

Suitability

—468 0 468

(rpm) DE

Figure 5. Membership function (IU rule, DU rule)
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3.3 Control rules

Control rules are a set of predetermined rules which
find the required output from the obtained input according
to a membership function. For example, the response to
the input “the undershoot in the engine speed is very large”
is “make the opening of the ISCV very large.”

There are two types of fuzzy ISC control rules, one set
for the integral (IU) and one for the derivative (DU).

Figure 6 shows the integral (IU) control rules. The
control rules have five consequents (outputs) for five
membership functions of deviation E which represent the
antecedents (inputs).

Figure 7 shows the control rules for the derivative
(DU).

The antecedent (input) is shown as a two-dimensional
map which comprises the membership function for the
temporal change DE of the engine speed NE.

Additional rules have been added for the consequent
(output). Rules 1 to 9 are standard rules which fix either E
orDEatZ0 (ZERO) and rules 10to 13 are added to shorten
the time required to achieve stability of the engine speed
when the engine speed has neared the target engine speed.
Further, rules 14 to 17 have been added to control under-
shoot and improve the engine’s resistance to stalling.
Rules 18 to 21 have been added to control overshoot. This
brings the total number of rules to 21.

For example, rule 1 indicates that “if DE is large and
E is zero, move DU a little.”

In this rule, the input is the variation DE between the
deviation Eand NE. Inother words, “If the input is far from

Rule Antecedent Consequent
1 IfE is PB, Set IU to PB.
2 If E is PS, Set IU to PS.
3 IfEis ZO, Set IU to ZO.
4 If E is NS, Set IU to NS.
5 If Eis NB, Set IU to NS.

Figure 6. Control rules for IU

the target engine speed, or the undershoot of NE is large,
control for a great move is required.” This is the basic rule
of feedback control, but rule 22, explained below, has been
added to fuzzy ISC.

When a large drop in NE is detected, the control
system naturally opens the valve more so that the air flow
through the bypass increases. However, since there is a
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DE E PB PS Z0 NS NB
PB 1 pg Bpg | Opp Dpg | Bpy
P
PS Opy | Opy | Bps Z0

ZO ® PS ®PS © Z0 NS ® NS
NS @y | Ons | Dns | @Oys

NB @ NS 2 NM @ NM

The circled numbers in the chart above indicate the rule number. The vertical
and horizontal axes represent the antecedent, and the data in the chart is the
consequent. Abbreviations are explained below.

NB: NEGATIVE BIG
NM:NEGATIVE MEDIUM
NS: NEGATIVE SMALL
PB: POSITIVE BIG

PM: POSITIVE MEDIUM
PS: POSITIVE SMALL
Z0: ZERO

Figure 7. Control rules for DU

control lag, NE temporarily overshoots the target engine
speed. Since NE is rising at this time, the control system
narrows the bypass and NE undershoots the target speed.
Hence hunting occurs several times before the actual
engine speed finally converges to the target engine speed.
Rule 22 was added to solve this problem. This rule
determines a period of time starting from the point when
DE (variation of NE) exceeds a certain value and creates a
membership function according to the second-order de-
rivative. When the control system detects arise in NE after
it has fallen, it lowers the amount of control to suppress
overshoot.

Adding rule 22 greatly improves the convergence of
NE. Figure 8 shows the membership function, Fig. 9
shows rule 22 and Fig. 10 compares control performance
before and after rule 22 is added.

Rule 22 is only effective when certain conditions have
been established. Itis not a simple supplementary control
scheme as is conventional control. Since it converts the
results of inference by both the basic rules and rule 22 into
output by way of weighting (explained below), it yields

(%) (%)

100 100
2 =
£ E
‘5 ‘S
@ ]

0 L | 0

0 1 2 (sec) Falling NE 0 Rising NE
CDLNE* A* NE (Acceleration)

*CDLNE: A counter which clears whenever DE exceeds
a certain value and increments for a certain
fixed period of time.

Figure 8. Membership function of rule 22
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very smooth outputs. It is therefore a preeminent part of
fuzzy control.

Antecedent Consequent
When CDLNE < 2 (sec) and A? NE is rising NVB
NVB: NEGATIVE VERY BIG

Figure 9. Control rules (rule 22)

<When rule 22 is used>

. —
Target engine speed —-—-—_._c%
Engine speed L {\u — e

~—r~

Amount of control Mﬂm‘f[ﬁ’]ﬂ”

<When rule 22 is not used>

Target engine speed ﬁ)?
LWL

Engine speed

NT =
Amount of control M\m\_/wﬂlm

Figure 10. Results of control with and without rule 22

3.4 Non-fuzzy constants

Fuzzy inference generally defines the consequent of
the control rule using the membership function. However,
since Fujitsu Ten’s new control system is designed to be
installed in a vehicle, itis beneficial if the program size can
be reduced and the processing speed enhanced. Therefore,
fuzzy inference in Fujitsu Ten’s new control system defines
the consequent as a constant. Figure 11 shows the non-
fuzzy constants for integral control IU and derivative
control DU.

Non-fuzzy calculation is shown in the equation below.
Weighted calculation is performed on the suitability ob-
tained using the membership function in relation to the
consequent obtained using the control rule.

FUJITSU TEN TECH. J., NO. 5 (1992}



<Non-fuzzy cc of IU consequent>
PB +0.6 (%)
PS +0.3
Z0 0.0
NS -0.15
NB -0.3

<Non-fuzzy constants of DU consequent>

PB +7.0 (%)
PM +4.0
PS +1.0
z0 0.0
NS -1.0
NM -3.0
NB -7.0

Figure 11. Non-fuzzy constants of IU and DU

Consequent (output) =
E(Consequent of rule 1 x Suitability of rule 1)
% (Suitability of rule 1)

:%(Consequent of rule 2 x Suitability of rule 2)
[ T - . -
é(Suitability of rule 2)

:Z;(Consequent of rule n x Suitability of rule n)

& (Suitability of rule n)
(3

Figures 12 and 13 show the numerical relationship
between the input and output of the integral and derivative
based on the membership functions and control rules.
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Figure 12. Relationship between input and output of integral IU
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Note that rule 22 has not been applied in Figure 13.

The relationship between the input and output of the
integral in fuzzy ISC (Fig. 4) is represented by a two-
dimensional graph from a single input (antecedent). The
relationship between the input and output of the derivative
is represented by a three-dimensional graph from two
inputs (antecedents). It is clear that there is a complex
input/output relationship between inputs E and DE and
output DU (derivative).

<« E

Figure 13. Relationship between input and output of
derivative DU

4. Result of evaluation

We evaluated control performance (particularly
convergence) and stability against disturbance for both
the conventional engine speed feedback control system
(conventional ISC) and the new engine speed feedback
control system using fuzzy control (fuzzy ISC).

4.1 Control performance (Convergence)

To evaluate control performance, we observed con-
vergence of the engine speed immediately after load on the
engine was increased and immediately after it was re-
moved, since these two conditions pose the greatest diffi-
culty for an ISC system.

Figure 14 shows the relationship between the conven-
tional and fuzzy ISC schemes in undershoot immediately
after load is added while the engine is idling. The diagram
clearly indicates that there is no significant difference
between the undershoot under conventional ISC and that
under fuzzy ISC when achange in the load can be predicted
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Figure 14. Undershoot of ISC (load increased) Figure 15. Overshoot of ISC (load increased)
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Figure 16. Overshoot of ISC (load removed) Figure 17. Waveforms of control signal and results of ISC control
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from input signals (the computer recognizes the condition
of the air conditioner and position of the shift lever from
inputs). This is accounted for by the fact that conventional
ISC systems are also capable of detecting some load
fluctuations through adaptive advance control. However,
this form of control has a drawback in that it cannot easily
predict the load on the engine when, for example, accelera-
tion is reduced from the maximum level to alower level (at
which time the computer considers the engine to be idling).
Undershoot is greatly reduced when fuzzy ISC is used.

Figure 15 shows the relationship between conven-
tional ISC and fuzzy ISC in overshoot immediately after
load is added while the engine is idling. The diagram
shows that fuzzy ISC greatly reduces overshoot in com-
parison with conventional ISC.

Figure 16 shows the relationship between conven-
tional ISC and fuzzy ISC in overshoot immediately after
load is removed while the engine is idling. As is evident
from the diagram, there is much less overshoot following
a decrease in the load when fuzzy ISC is used than when
conventional ISC is used.

The above results showed that fuzzy ISC provides
superb control performance (convergence) when com-
pared with conventional ISC.

Figure 17 shows the actual engine speed and engine
motion for both conventional ISC and fuzzy ISC.

4.2 Stability against disturbances

To evaluate stability against disturbances, we recre-
ated disturbances by intentionally making the air-fuel ratio
high to reduce the torque generated by the engine, and
measured the fluctuations (hunting width) of the engine
speed. We judged that the smaller the deviation in the
engine speed when a disturbance is exerted (lean fuel), the
stabler the engine speed.

Figure 18 shows the relationship between the hunting
width of the engine speed when the engine is subjected to
the above disturbance for each type of control (conven-
tional ISC and fuzzy ISC).

As can be seen in the diagram, the hunting width of the
engine speed during disturbance up to a certain air-fuel
ratio is the same for both conventional ISC and fuzzy ISC.
However, as the fuel is made leaner, the hunting width of
the engine speed under fuzzy ISC increases more slowly
than under conventional ISC.

We therefore confirmed that fuzzy ISC provides better
stability against disturbance than conventional ISC.
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Figure 18. Relationship between air-fuel ratio and hunting
width of engine speed with ISC control

5. Conclusion

As a result of our study on the application of fuzzy
control to engine speed feedback control for an idle speed
control system, we succeeded in improving control per-
formance over the conventional method of engine speed
feedback control.

The use of control algorithms based on human-lan-
guage expressions, a characteristic of fuzzy control, prom-
ises to achieve a reduction in design time required for
matching, a process which has been a major problem in
designing conventional control systems.

The evaluation covered in this paper focuses mainly
on performance, but much work still needs to be directed
toward the memory capacity required for software before
fuzzy ISC can be made practical. To this end, in addition
to our study on fuzzy ISC, we are also currently looking
into a method of storing results obtained using fuzzy
inference into memory as constants.

This method would eliminate the need for a logic
program in the inference section, reduce memory capacity
requirements, and shorten execution time.

Though perhaps not apparent from the brief explana-
tion of fuzzy ISC provided in this paper, we can say that we
succeeded in improving the performance of the control
system without changing any part of the hardware used in
a conventional system.

This first attempt at applying fuzzy control to engine
control, though restricted to ISC, showed very promising
results. We therefore plan to continue experiments in this
field, applying fuzzy control to other types of engine
control systems.
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