
1 32ò1 4Ï
2015c 4�

� � n Ø � A ^
Control Theory & Applications

Vol. 32 No. 4
Apr. 2015

���^̂̂ðððhhhuuuÄÄÄÅÅÅ>>>fff������XXXÚÚÚïïïÄÄÄyyyGGG���ÐÐÐ"""

DOI: 10.7641/CTA.2015.40524

��H1, �[+1†, �Ú¯1, o¬l2, ���1

(1. �H�Æ>í�&Eó§Æ�,�H�â 410082; 2. �Ï��EâïÄ�,àHx² 450061)

Á�:uÄÅ>f��XÚ´p5U!p��5uÄÅmu�Ø%ïÄSN,´�yuÄÅÄå5!²L5Úü
�5�­�Ï���.�é�^ðhuÄÅ,�©Äk©Û
;.��^ðhuÄÅ>f��XÚ(�,,��7
>f!í���XÚ!-h����XÚ!:»��XÚ!�-'��XÚ!ø���XÚ!µÓOØ��XÚ!�

�uÿ���XÚ±9ðhÅk?-��ª��ù8�'�¯KÐmØã,¿X­0�
Cc5IS	�ïÄSN
ÚïÄ¤J.��é�^ðhuÄÅ>f��XÚ�uÐcµÚuÐ��?1
Ð".
'�c: >f!í���;-h����;:»��;�-'��;ø���;µÓOØ;��;-���

¥ã©aÒ: TP273 ©zI£è: A

Electronic control system for gasoline automotive engine:
state of the art and perspective
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2. Yutong Technology Research Institute, Zhengzhou Henan 450061, China)

Abstract: As the core research field in the development of high performance and high reliability vehicle engine, the
electronic control system is one of the key factors for satisfying the engine performance of power, fuel economy and emis-
sions. The typical structure of the electronic control system of gasoline engine is analyzed firstly. Then, the control techno-
logy and theory of gasoline engine electronic control system are reviewed from eight aspects: electronic throttle control,
fuel injection control, ignition control, air-fuel ratio control, idle speed control, turbocharging control, knock detection and
control and combustion control, where the state of the art of the engine electronic control technology are introduced as a
key point. Finally, the prospects for the development of spark ignition engine electronic control system are presented.

Key words: electronic throttle control; fuel injection control; ignition control; air-fuel ratio control; idle speed control;
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1 ÚÚÚóóó(Introduction)
�X·II¬²L�¯�uÐ,ð��kþØä

O\,��
5�U
Ú�¸¯K�FÃâÑ,<�
éð�S�5!²L5!Äå5!Ó·5!ö�5±9

ü�5��¦�ØäJp. ð�uÄÅ��ð��%
9,´ð��­��|¤ü�,Ù5U��û½��
5U.Ó�ð�uÄÅ8Å�!>í!>f!6Nå
Æ!á�Æ�¯õÆ�u�N,´��E,���é
�,äk��5!�C5!Ø(½5ÚØ��5±9Ø
´ïá°(êÆ�.�A:.

gþ­V50c�{IBendixúiíÑ­.þ11
±>�-h��XÚElectrojector±5[1],��X#.

Daì±9>í�1Å��ØäuÐ,ð�uÄÅ>
f��XÚ®Ø==Û�u@Ï�>�-h��,#
�>f���83ð�uÄÅ¥ØäZy,~X:»
����!�-'��!ø���!����Úk?

-��ª���. �dÓ�,�7ð�uÄÅ�Äå
5!²L5Úü�5,ð�uÄÅ�°(!̀ z��¤

��uÄÅ�ûÚïÄÅ��'59:. ð�uÄÅ
>f��Eâ®lL��Ü6�����!­�Map
ã�L{ÚPID���²;���{,�y��U�
�nØÚ�{uÐ.8c,g·A��!�
��!;
[��!ýÿ��Ú ²�ä�k?�U��nØÚ

�{3ð�uÄÅ>f��XÚ¥�A^®¤��

ÂvFÏ: 2014−06−07;¹^FÏ: 2014−12−24.
†Ï&�ö. E-mail: shenyongpeng@hnu.edu.cn; Tel.: +86 15073173394.
I[/8630Oy�8(2012AA111004),I[g,�ÆÄ7�8(61104088)]Ï.
Supported by National High Technology Research and Development Program of China (“863” Program) (2012AA111004) and National Natural Sci-
ence Foundation of China (61104088).



1 4Ï ��H�: �^ðhuÄÅ>f��XÚïÄyG�Ð" 433

�ïÄ­:[2].

¦+·Ið�c��þ®²ëY5c Ø­.1
�[3],ð��E�®¤�I¬²L�|Î5��,�
´AT�2/@£�·I�ð�uÄÅïu!�EY

²�­.k?Y²Ek���å. ð�uÄÅ>f�
�XÚ�Ø%Eâ!�¬!mu��E�6uI	?

�,î­/�³
¬xð�è�Ú�¤ö�|Ã,�
��X·Ið�ó����uÐ[4]. Ïd,Jõð�
uÄÅ>f��XÚ¥��5�Æ¯K,JlT+�
�#nØ!#�{,éÝºð�uÄÅ��XÚ�Ø
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�SüXe: 12!éð�uÄÅ>f��XÚ�o
N(�!���8±9�9�Daì!�1ì�?1

©Û;13!©Ol>f!í���!-h����!
:»��!�-'��!ø���!µÓOØ��!�

�uÿ���±9k?-��ª��8��¡éð�
uÄÅ>f��XÚ�ïÄyG?1
nã©Û;1
4!é�©?1
o(¿éð�uÄÅ>f��XÚ
�uÐ��?1
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2 ���^̂̂ðððhhhuuuÄÄÄÅÅÅ>>>fff������XXXÚÚÚVVVããã (Over-
view of the gasoline automotive engine elec-
tronic control system)
;.�oÀ§�^ðhuÄÅ>f��XÚ(�

9'�Daì!�1ì±9uÄÅÜ�Xã1¤«.

ã 1 ;.��^oÀ§ðhuÄÅ>f��XÚ

Fig. 1 Diagram of the classic electronic control system of four-stroke gasoline engine
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¤,L1�Ñ
~��ð�uÄÅ>f��XÚ¤
�¹����8±9�A�DaìÚ�1Å�. ©
z[5]éL1¥�DaìÚ�1Å���n!(�Ú
õU?1
�[�0�. Ó�,�â¤æ^���
�{�ØÓ,k
���8�U�9ØÓ�Daì
Ú�1Å�,¿�����8�m¤�9�Daì
Ú�1Å��3��,ÏdØBuò����8¤
�9�DaìÚ�1Å�üÕ�Ñ.d	,,
�
��8duõUü�!���.{ü,{ü�Ü6

�����ÒU��Ù��8I,~X�g�í�
�!-h�u��!¢í2Ì�XÚ(exhaust gas re-
circulation, EGR)���. éuù
���8,�©
Ø2éÙ?1�[©Û,
Ì�é�^ðhuÄÅ
>f��XÚ¥�.�E,!̄ K'�8¥�8�
�5¯KÐm?Ø,=>f!í���(electronic
throttle control, ETC)!-h����(fuel injection
control, FIC)!:»��!�-'��!ø���!
µÓOØ��!��uÿ���±9k?-��ª

��.
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L 1 Daì!���8Ú�1ì
Table 1 Sensors, control items and actuators

Daì(Ñ\) ���8 �1ì(ÑÑ)

h� �Daì >f!í��� >f!í�

!í� �Daì ø��� -h"

=�Daì -h���� -h��ì

àÓ¶Daì :»�� -hØåN!ì

�Daì(c�) �-'�� :»��

��Daì ���� �g�íz�

OØØåDaì µÓOØ�� µÓ���mÝ

?íÜ+ØåDaì EGR�� EGRz
?í§ÝDaì �g�í�� >Ä�g�í"

?í6þDaì �Cí��� %-2)��z

uÄÅ§ÝDaì �C?í�� >Ä/�Ø~:
~: �Daì -h�u�� �¡z

h�ØåDaì -hØå��

3 ���^̂̂ðððhhhuuuÄÄÄÅÅÅ������XXXÚÚÚïïïÄÄÄyyyGGG(State
of the art of the gasoline automotive engine
electronic control system)

3.1 >>>fff!!!ííí���������(Electronic throttle control)
>f!í�´��Xð�>f°Ä (drive by

wire)ng
�)�. §µï
DÚh�
��!í
��m�Å�ë�,
´æ^>f!í���ì½
uÄÅ��ü�(engine control unit, ECU)æ8h
�
�� �&Ò,¿�âd&Òé!í�mÝ?
1��.§Q¢y
!í�mÝ�°O��,q�
±Ä�N�h�
� �&Ò�!í�mÝ�m�

'~'X,kÏuJp���Äå5!Ó·5[6].

;.�>f!í���XÚXã2¤«, ETCX
ÚdüÜ©|¤: �Z!í�mÝO�Ú!í�m
Ý��l��. ETCXÚÄk�âh�
� �&
Ò!uÄÅ=�!��±9Ù¦�'&E,O�Ñ�
Z!í�mÝ&Ò,l
¦uÄÅÚ��ó�3�
ZG�,±Jp���ö�5ÚÓ·5;,��â
�Z!í�mÝ&ÒÑÑmÝ�½&Òθ∗,mÝ�
l���{�âθ∗ÚmÝ�"&Òθ?14��l

��.3�Z!í�mÝ&ÒO��¡,©z[7]é
;.ó¹e�f¨
ö�A�?1
©Û,½Â

²��´!�1¨�²ï!í�mÝÚ�é!í�

mÝ,¿�â¢�¢�êâÚ²�Â8�½
100
^�
ín5K¥,¢y
!í�mÝ�Ä�N�.
T�{�Øv�?3uÙ���Jî­�6u�


ín5K¥;©z[8]JÑ
�«õ8I`zf¨
�üÑ(multi-objective optimization driving strategy,
MODS),T�{±1¨�m!hÑÚÓ·5�`z
8I,�â��Ú\�Ýé!í�mÝÚ�Ä
�
?1N�,3Øò�1¨�m!Øî­O\hÑ�
cJe¢y
é�ýÓ·5�`z,�´T�{I
�'u�ý1¨ål�k��£,Ø·Üu¢S�
ýA^. �Z!í�mÝO��¡�J:3uQ�
�âh�
� �&Ò±9�ýÙ¦�'&E,é
²L5!Äå5½öü�5?1`z,q�÷vØ
Óf¨
�f¨S.,ùÒ�¦�{äkgÆSõ
U,U�âf¨S.N��Z!í�mÝ`züÑ.

ã 2 >f!í���XÚ«¿ã

Fig. 2 Schematic diagram of the ETC system

3>f!í�mÝ�l���{�¡,¦^�
@�´PID��[9]. �´!í�XÚ�3õ«��
5Ï�,'X��5Ê¢�Þå!��5£ ��
ÛÝ,Ó�>f!í��ëê¬�XuÄÅó�L
§
ØäCz,¿��3X?í6þ!uÄÅ�Ä
�r6Ä.æ^PID��Ï~J±�yXÚ�°�
5!­½5±9��°Ý[10–11]. ÏLòPID�{Ú
Ù¦�U���{?1(Ü,3�½§ÝþUõ

PID��ì����J,ùa�{�)OÃNÝ

PID[12]!g·A|Ü PID�c"��[13]!�
PID
�[14–15]. ùa��ì3�½§ÝþUõ
XÚ��
��J,�´vkl��þ)û6Ä¯K.��X
y���nØ�uÐ,�
��[16]!w���[17]!

È©w���[18]!�5�g.��[19]!g·Aw

���[20]! ²�ägÆS��[21]9g|6�

�(active disturbance rejection control, ADRC)[22]�

k?���{Ñ�}ÁXA^u>f!í���X

Ú.



1 4Ï ��H�: �^ðhuÄÅ>f��XÚïÄyG�Ð" 435

8c,>f!í���XÚ�uÐ��´dü
�õU�õõU8¤z��XÚuÐ.�Ð�ETC
�O==´�
uÄÅÛÝ��,ÏLòETC��
XÚ�ø���!�	��!ÑÊ��±9�ý­

½5��(Üå5,¦ETCXÚ¤���Äå�N
z�|¤Ü©,?�ÚJp���ö�5!²L5
ÚÄå5ò´ETCXÚ�uÐ��.

3.2 ---hhh������������(Fuel injection control)

ðhÅ-h�����'�¯K´-h½þ>

f��[5]. éu8c2�A^u�«�ý�>^z
��m���XÚ
ó,-h½þ��¢�þÒ´

�âzÌ��íá\þma!�hì-h�þ6þ

ṁfÚLþ�íXêλ(½�hì�Ä����

mTi,,��âuÄÅó¹éÄ����m?1?
�. Ù¥,Ä����m:

Ti =
ma

14.7λ · ṁf(∆pm)
, (1)

ª¥∆pm��hì�hmYüà�Øå�. dª
(1)��,éuA½�λ,Ä����mdmaÚ∆pm

û½,Ïd3O�Ä����m�c,7Lk(½
maÚ∆pm. ;.�-h½þ��XÚXã3¤«,
e¡©Oé�íá\þ�O!-hØå��Ú-h

��?���3��¡�ïÄyG?10�.

ã 3 -h½þ��XÚ«¿ã

Fig. 3 Schematic diagram of the fuel quantity control system

3.2.1 ���íííááá\\\þþþ���OOO(Air charge estimation)

dª(1)��,ðhÅzÌ��íá\þma´O

�Ä����mTi7Ø���ëê. ðhÅzÌ�
�íá\þ�Da�{Ï~k��{Úm�{ü«

�{. Ù¥��{ÏL{6�ª!k�µª!9�½
ö9�ª�í6þDaì��ÿþ?í6þ,,�
2�âuÄÅ=�Úíhê8(½zÌ��íá\

þ. ��{�íá\þDa�{äk°Ýp!ØÉ
uÄÅ(�!º�K��`:,�´ÙDaì�A
�Ý�ú!�d��p,�½§Ýþ��
ÙA
^[5].

m�{¿Ø��ÿþ�í6þ,
´�â!í
�mÝθ½ö?íÜ+Øåpm,(ÜuÄÅ=�!?
í§Ý!e%�§Ý�&EO�uÄÅzÌ��í

á\þ. m�{q©�!í�mÝ–=�{Ú�Ý–
�Ý{. �â!í�mÝ–=�{k

ma = ηv(θ, n) · p0

RT0
· Vh, (2)

Ù¥: p0�IO�íØ, T0�?í§Ý, Vh�íhü

þ, ηv(θ, n)�£ã!í�mÝ!uÄÅ=��¿í
�Çηv�m¼ê'X�L�ª,Tªd¢Sêâ(
½. �Ý–�Ý{�!í�mÝ–=�{kaq�L
�ª[5]. m�{äkd�$í!�A�Ý¯�`:,
�´ÉuÄÅ$1ó¹!�¸ëê�K���.

�éXÛJpm�{uÄÅ�íá\þ�O°

Ý�¯K,©z[23–24]JÑ
�«ÄuÑ\*ÿì
��O�{,T�{æ^�Ý–�Ý{,¿��Ä

duÄÅNÈ�ÇÚ\�Ø(½5,¿ÏL¢��
y
T�{äkûÐ�]�A5. duT�{��
O°Ýî��6uuÄÅ?íXÚ�êÆ�.,Ï
dïá°(�?íXÚ�.´¦^T�{�cJ;
©z[24]ÄuuÄÅ?íÜ+§ÝØ(½5�.,
JÑ
�«uÄÅ�íá\þg·A�O�{;
Andersson3¦�Æ¬Ø©¥�[/©Û
OØð
huÄÅ(turbocharged spark-ignited, TCSI)?íX
Ú�Ä��.,¿JÑ
�«Äuð½OÃ*Ðk
�ùÈÅì (constant gain extended Kalman filter,
CGEKF)��íá\þ�O�{[25];Ó�,æ^*
Ðk�ùÈÅì?1uÄÅ�íá\þ�O��{

�k©z[26],T�{�°ÝÓ��6uuÄÅ?
íXÚ�êÆ�.,¿�ÉÿþD(���Ý
�
�.D(���Ý
�K�.

3.2.2 ---hhhØØØååå������(Fuel pressure control)

éu>^z��m���XÚ,�hìmé�,
�hmY-h�þ6þO�úª�

ṁf(∆pm) = Sm · αm

√
2ρf ·∆pm, (3)

Ù¥: Sm��hì�hmY��¡È, αm��hm

Y?�-h6þXê, ρf�-h�Ý.éuA½��
hìÚ-h, Sm, αmÚρfþ�~ê,@o�k�±
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�hmYüà�Øå�∆pmð½âU�y�h�

�hmY�-h�þ6þð½,?
ÏLN��h
ó°¢yé-h��þ�°(��.

éu?í���uÄÅ(port fuel injection, PFI)
uÄÅ,Ï~¦^-hØå{ZìÚ-hØåN!
ì¦�hì�?íÜ+�m�Øå��±ð½,
∆pm���270 ∼ 450 kPa[27]. ,
éuhS��
ðh(gasoline direct injection, GDI)uÄÅ
ó,�
hØå��K�-h�Òz§Ý�hå0BÝ.-
hØå��XÚQ��y-hûÐ�Òz§Ý,q
��âuÄÅó¹éhå0BÝ?1��.Ó�d
upØh"Ú�hìÄ��ØëYA5,O\
�
�uÄÅ-hØå���JÝ[27–28].

�é��uÄÅh;Øå��¯K,©z[29]ï
á
�;-h����XÚ�ÄåÆ�.,¿æ^
g|6���{�O
h;Øå�l��ì,T�
�ìæ^�5*ÜG�*ÿì(extended state obser-
ver, ESO)éXÚ�3�o6ÄÚØ(½5?1�
O,æ^��5Ø��"��(nonlinear state error
feedback, NLSEF)¢yé6Ä�³�.T�{�`
:3uØ�6��.�°(/ª,
´ò�.�Ø
(½5��6Ä��Ü©,æ^ESOéXÚ�o6
Ä5?1�O,Ïd,ØI��.�°(ëê;©
z[30]ïá
GDIuÄÅ-h�;XÚ�²þ��
.,ÄuT²þ��.©z[31]JÑ
�«Äu�
.�·�c"\È©�"�h;Øå�l��X

Ú,²þ��.´ïá3�þ�¢�êâ�Ä:þ
�²��.,¿��Ä�;XÚ�ó�Ån,Ïd
ØU���Nh;Øå�]�A5;©z[32]l�
ØÄåÆ��Ýïá
GDIuÄÅ-h�;XÚ�
��5êÆ�.,�O
Äubacksteping�h;Ø
å��XÚ,¿3AMESim�ýXÚ¥é�{?1

�y,T�{����Jî��6u°(�êÆ
�..

3.2.3 ---hhh������???���������(Fuel injection revision
control)

Ä����mTi==´�â8ILþ�íX

êλ(½�Ä��hþ,�
?�ÚJpuÄÅ5
U,�I��â�ý$1�¸!uÄÅó¹&E!�
-'4�&EÚ=�4�&E�^�éÄ��hþ

?1?�,âU�ª���^u-h��ì�k�
��ó°. Ï~,ù
-h��?�^��)éÄ
?�!æÅ?�!p§?�!LÞó¹?�!O>³

>Ø?�!pKÖ?�!�ö�ä!ø�?�!�-

'?��[1].

-h�����J:3uØUé¢S�hþ?

1ÿþ,�UUìý½�?�Mapã�âuÄÅ�
$1ëêéÄ����m?1m�?�. uÄÅ-
h��?���XÚÏ~æ^·�ý½�`?��

��ª,=�â�e¢�éuÄÅ��ëê?1l
�`z���Mapã,dDaìuÿuÄÅó¹&
EÚ�¸ëê&E,��Map¥ý½���þ,éÄ
����m?1�«?����ªk����m.
�´duØÓ�?�þ�m�3XÍÜ,?�ëê
Ú?�þ�m�3X��5,·�ý½�`?��
�J±÷vp5UuÄÅé-h��þ�°(��

I¦. du<ó ²�äXÚäkpÝ¿1�&E
?nUå!©ÙPÁ!gé�!N�5ÚpÝ��5

A�,§3uÄÅ-h��?���¥��
�½
�A^. 3©z[33–34]¥,�öJÑ
�«Äu�
M ²�ä(cerebellar model articulation controller,
CMAC)���uÄÅ-h����XÚ,§æ^u
ÄÅ=�Ú?íÜ+Øå��CMAC�Ñ\,¿Ï
L¢��y
T�{���5ÆSUåÚ)ûuÄ

Å�Daì��k�òA5��J.du ²�ä
I��þ�l�êâ?1Ôö,ÏdÙ���J�
ÉÔöêâ�O(5Úêâþ�K�;©z[35–36]
JÑ
Äu»�Ä¼ê(radial basis function, RBF)
 ²�ä*ÿì�uÄÅ-h��XÚ�.ýÿ�

�ì,�Äu�M ²�ä�-h����XÚ�
',T�{æ^�»�Ä ²�äI����!:
ê8. d	,©z[37]ïá
?í�-h��XÚ�
Äu¯��lÑ�mæ��5XÚ,¿òTXÚ£
ã����5Cëê(linear parameter varying,
LPV)XÚ,���öæ^�5Ý
Ø�ª(linear
matrix inequality, LMI)�{�O
?í�-h��
XÚOÃNÝ��ì,T�{�`:3u�Ä�-
h��9�AÚ�Daì��òA5;©z[38]3
AMESimÚSimulink¥�ï
oh��OØuÄÅ
�ý�.,¿�O
�hþ�U��ì,T�{�
���z3uéðhÅ-h��XÚ�9óÅn?

1
�\�©Û,¿ÄuTÅnïá
ðhÅ-h
��XÚ�Ôn�..

3.3 :::»»»������(Ignition control)
ðhuÄÅ:»XÚ���Ø%¯K´:»J

c���,=:»��. :»��éuÄÅ�Äå
5!²L5Úü�5Uäk­��K�,´U-h
½þ����12�Ä�����8. :»���
Ä�õU´�â­¶ �Da&E±9uÄÅ=

�!e%�§Ý!O>³>Ø�&EO�Ñ»sl
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:»��.:»��`z��K´3Øu)��Ú
÷vü�{5�¦��¹e¦þJpÄå5Ú²L

5[5, 39].

��=Ýe���:»Jc�`z(minimum
advance for best torque, MBT)´�cuÄÅ:»�
�XÚ�ïÄ9:,=�yuÄÅÑÑ��=Ý�
­½$1�¤#N���:»Jc��`z. ©
z[40]Ú©z[41–43]©O�âíhSØåDaì
Ú>llDaì�"&Ò,�O
MBT4���
ì,Ù¥©z[43]�éuÄÅ�:»ò´�m�

��.æ^íhØåDaì�":´I�éíhX
?1AÏ\ó,O\
XÚ�muJÝÚ¤�,æ
^>llDaì�,ØI�O\Daì,�´XÛ
l>l&Ò¥�(J�-�&E´��J:;�

êÆ�{Ú ²�ä��}ÁXA^uuÄÅ:»

��XÚ,©z[44]æ^�
;[XÚ,òuÄÅ=
�!!í� �!?íÜ+Øå!�hóÀ°Ý!u

ÄÅõÇÚ�-'&Ò��Ñ\�,�E
136^
�
5K,¢y
éuÄÅ:»��`z��.ù
«�{�`:3uéLÞó¹äkûÐ�·A5,
�´Ù���J�6u;[�£¥±93dÄ:þ

�O��
5K;©z[45–46]©Oæ^ØåDaì
Ú1nDaì���"&Ò,JÑ
�«Äu�

 ²�ä�U,íuÄÅ:»����XÚ,T�
{8¥
�
XÚûÐ�ínUå� ²�äXÚ

ûÐ�gÆSUå,3��4A1.6LðhuÄÅþ
�¢�(JL²T�{¼�
ûÐ�=ÝJ,�

J.�´duæ^
ØåDaìÚ1nDaì,ù
«�{Ø·ÜC�¦^.

�
©zòuÄÅ-h��þ��Ú:»��

��8¤�����XÚ¥,ÏL�E��üÑÑ
��XÚ,Ó�¢y
é-h��þÚ:»���
��.©z[2, 47]ÏL3�Ôö,òuÄÅ=�Ú?
íÜ+Øå�� ²�äÑ\,�Z:»Jc�Ú
�hó°�� ²�ä�Ï"ÑÑ,ïá
��2
Ñ\2ÑÑ�:»Ú�h��XÚ.aq/,©z
[48–49]æ^BP ²�ä�ï
uÄÅ:»��Ú
�hó°��XÚ.Ó���-h��þÚ:»�
�Jp
XÚ���(¹Ý,�´�O\
XÚ�
��JÝ,äN� ²�ä��XÚ
ó,^u�
äÔö�êâ7L���CXÑ\þÚÑÑþ�ó

�«m,I��þ¢�êâ�| .

3.4 ���---'''������(Air-fuel ratio control)
uÄÅ�-·Üí¥�í�þ�-h�þ�'

¡��-'(air-fuel ratio, AFR).�-'éuÄÅ�

ü�5!Äå5Ú²L5Ñké��K�,¢y�
-'�°(��´JpðhÅ5U�'��

![50–51]. Ó�éun�xzì
ó,�k�λ�±

3nØ�-'NC�dÄ«�S�,âU�yHC,
COÚNOxù3«k³Ô�Ó������Ý�À
z[52–53]. Ïd,�-'�°(��é�±n�xz
C��p��'­�.

�-'���J:3ud-h�9�A!?í

XÚ�Ä�¿íy�!uÄÅ�-'�A�ò�5

±9�Daì�´¢5E¤���5!ëêØ(½

59�¢5[54]. d	,�íh�hì�Ø��5±
9duuÄÅ(�A5E¤��íh?íØþï�

��-'��O\
JÝ.

3�-'��XÚï�±9ëêE£�¡,©
z[55]éÄu²þ��.�ðhÅ]��-'��
üÑ9<ó�UÚ ²�äEâ3�.ëêE£¥

�A^?1
®o©Û.²þ��.´'�~^�
�«uÄÅÄ��.,�´§ò��Ì�SuÄÅ
�h�ó�G��É?1²þz?n,�Ñ
�h
��É,
�I��þ�¢�êââU(½Ù°(
ëê,Ïd��
§3�-'��XÚ¥�A^;
©z[56–57]Äkæ^f�mN4SID�{éuÄÅ
�-'õëê�.?1E£, N4SID�,�Ç�p,
�´E£°Ý��. �
JpE£°Ý,�öæ^
ý�Ø�{(prediction error method, PEM)é�.
�ëê?1Ì�S�`z,Jp
�.°Ý.

3�-'���{�¡,DÚ����{´�
âuÄÅ$1ó¹&E±9�DaìÑÑ&Ò,�
LÄ��hMapã,,�\þ�«?�þ,¢yuÄ
Å��-'��.�´T�{I��þ�I½¢�,
�É�¬�Eú�Ú-h¬��K�,�-'��
°Ý��. ïÄ��°Ýp!°�5r�·^��
2��-'���{´�c���ïÄ9:.

©z[58]æ^°��Daì+PID¢y
éuÄ
Å�-'�°(��,T�{���`:3uØI
�XÚ°(�.,¢y{ü,�´3]�ó¹e�
�-'��°Ý��,
�°��Daì�¦^O
\
XÚ¤�. ©z[59–60]�éD�-�ðhuÄ
Å,JÑ
�«�-'w�– ²�ä���Y,T
�Yæ^ ²�ä?nuÄÅ�.¥���5�

!,éLÞó¹?1w�– ²�äc"Ö���,
¿3¢��eþ�y
�{��15,�´duv
k�Ä]�ó¹eh�DÑA5�Ö�,Ïd3!
í�¯�Cz�,�-'¬Ñy����Nþ. ©
z[61]æ^dpd ²�ä�¤�c�g·A��
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ìé]�h�DÑA5Ú?íþÿþ �?1
Ö

�,,�æ^w���ìN��hþ,�½§ÝþU
õ
�-'��XÚ�Ä�5U.ùü«�{�Ø
v3uÑvkéw���ì�Ë�¯K?1?Ø.

�7Uõ]�ó¹e�-'���°ÝÚ°�

5,æ^ýÿ�{��-'��üÑ��
2��
'5. æ^ù«�{�*ÿé����±©�:
1)�DaìÑÑ:©z[62]��ÖuÄÅ�Daì
�DÑò´é�-'��°Ý�K�,�O
�«
Äu2Âýÿ��(generalized predictive control,
GPC)��-'��üÑ,¿ÏLdSPACE¯���
�.XÚ�y
T�{3UõLÞó¹�-'�¡

����J; 2)uÄÅ=�ÚKÖ:©z[63]JÑ

�«�-'g·A�.ýÿ���{,T�{�
â¢��uÄÅ=�ÚKÖé�.ëê?1g·A

N�,¿æ^k�ùÈÅìé6Ä?1�O,��
3Ford 2L��ohuÄÅþé�{?1
¢��
y; 3)uÄÅ?íG�: ©z[64]�ï
uÄÅ­
�Ú]���?íG�*ÿìÚ-hÄ�Ö�ì,
¿JÑ
ÄuU?Sageg·A�{�­�?íþ*
ÿìÚÄuk�ùÈÅì�]�?íØåýÿ�

{,3dÄ:þ�O
uÄÅ�-'��ì. þã
�{3¢S�-'��XÚ¥���¯K3u�{

�¢�5J±�æ. cÙ´éuæ^
k�ùÈÅ
ì�©z[63],k�ùOÃÝ
�O�I����
O�þ,éJ3ECU¥¢�$1.

du�h�m��hØ�!?íØ�!­¶�Ï

ºí©�Ø�,�h�m�¢S�-'�U�3
10%�m�Ø�[65]. éuÄÅ�h�-'?1Õá
��´?�ÚJp�-'��°Ý��1�{. 3
uÄÅ©h�-'���¡,©z[65]JÑ
Äu
{z?íÄåÆ�.�uÄÅ©h?íþ�O�

{,¿±©h?íþ�O���-'���c"Ï
��O
�-'c"��XÚ,��38hðhÅ
ÿÁ�eþ�y
�{�k�5;©z[66]©Û

?í���uÄÅ-hDÑÄ�Ú¢íÄ�,ïá

uÄÅ�h´�.,¿�O
©h�-'�G�
Ñ\*ÿì,��3enDYNA^�²�þé�{?
1
�ý¿3¢��eþ?1
�y;©z[67]ï
á
�h�-'Øþ!��)9D4�.,¿|^
¢D�{é�.?1ëêE£,,�æ^k�ùÈ
Å�{ïá�h�-'*ÿì,�ï
²ï�h�
-'��"��XÚ,��ÏLGT-PowerÚSimu-
linkéÜ�ý�y
T�{�±ò�h�-'�É
l±10%~�±1%±S;©z[68]|^õ�æ�E
â,ÏLòuÄÅ-h��ÄåÆÚüíÄåÆ(

Üå5,ïá
©h�-'��XÚ�.,,�Ä
uT�.JÑ
uÄÅ©h�-'Ñ\*ÿì��

�{. 8c©h�-'��E,´uÄÅ�-'°
(���J:��,
�{I\²�?�Ñ�

CARB{5,�¦2011cå¤k�ý7Lä�hm
�-'�É�uÿUå[67]. ©h�-'���J:
3uXÛlüíÜ+®Ü?�ü�°��Daì&

Ò¥J��h�-'&Ò¿?1üÕN!.

3.5 øøø���������(Idle speed control)

ø�ó¹´uÄÅ�­�ó¹��.ø���
(idle speed control, ISC)�Ä�õU´: 1)�±uÄ
Å±�$�ø�=�­½$=; 2)�É��NØ 
Å!u>ÅÚÏå=����KÖÅÄ�,×�Ï
LN!?íþ!�hþ!:»�����þ5�±

ø�­½; 3)?\/òÑø�ó¹�,�yuÄÅ=
�Cz²­,��uÄÅK»[69]. ð�3�Ï�8
�¢½�´1¨�,kC30%�-h�Ñ3ø�ó
¹¥[70],Ïdø���XÚ�5UéuÄÅ�²L
5Úü�5UkX­��¿Â.Ó�,ø���X
Ú���K����Ó·5.

�éuÄÅø���¯K,²;�PID��9Ù
�«U?.��ì��
2��A^,X²;PID
��[71–72]!OþªêiPID��[69]!EÜ�
-PID
��[73]. d	,©z[74]JÑ
�«Äug·Ak
�ùÈÅì�uÄÅø���XÚ=ÝÖ�ì,§
æ^g·Ak�ùÈÅìéPIDø���XÚ?1
=ÝÖ�,LyÑ
�Ð�|Z6UåÚ�¯��
A�Ý,¿ÏLÚPI, PID��ì�¢�(J?1'
�,�y
�{�k�5. ¦+3­�ó¹e,þã
�{®²U
��ûÐ�ø����J,�´�u
ÄÅ¡��r�=Ý6Ä�, PID��ìÏ~3�
A�ÝþJ±÷v�¦,N´E¤uÄÅÊÅ.�

��äkØ�6XÚ�°(êÆ�.!éXÚë

êÚZ6Ø¯a�`:,Ïd�
��3uÄÅø
���XÚ¥��
�½�A^[71, 75–78],�â²�
�£,�O���!��5ûÐ��
��5K¥
´�y�
ø���XÚ5U�'�.

duw����wÄ���é�ëê96ÄÃ

',·ÜuuÄÅø���ùa�.Ø°(!6Ä
���XÚ,Ïdw���9Ù�«U?.���
{�3uÄÅø���XÚ¥��
�½A^,X
Ä�w���[79]!lÑÈ©w���[80]!õ¡w

���(multiple sliding surface control)[81]. w��
��":3uXÚ¬�)Ë�,¢Sø���XÚ
¥��1Å�(���!í�)��A�ÝJ±÷v
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nØ�¦,��
w���3¢S!í���XÚ
¥�A^.

 ²�ä�3uÄÅø���XÚï�!*ÿ

ì�OÚ��ì�O¥��
2��A^. XÄu
 ²�ä�uÄÅø��.ë�g·A��[82]!Ä

� ²�ä[83]!»�Ä ²�ä[84]. Äu ²�ä
�ø���XÚ�3���¯K3u�ä�ÆS�

ÝÏ~J±÷vø���XÚé¢�5��¦.

�.ýÿ��ÏL3��E`z¿Ì�¢�Ù

���^Ú�.Ø���"��,�±k�/�Ñ
XÚ�Ø(½5Ú��5,äkûÐ�°�5. 8
c3«;.�ýÿ���{�.�{��!Ä�Ý

��Ú2Âýÿ��þ3uÄÅø���XÚ¥

��
ÐÚ�A^[70, 85–88],�´§��3��Ó¯
K3uã��O�m�,±i\ª���ì�1N
�$�ü�J±�y�{�¢�5�¦.

8c,þ�Ø-�k?ðhÅ-��ª�JÑ,
O\
-��Ø­½5,��uÄÅø���XÚ
JÑ
#�]Ô.Ïd,þ�Ø-ðhÅø���
XÚmuò´8��ïÄ­:.

3.6 µµµÓÓÓOOOØØØ������(Turbocharging control)

ÏLuÄÅ?íOØEâ�±k�/JpuÄ

Å�?í�Ý,±���uÄÅüþ¼����Û
ÝÚõÇ,Ó���±k�UõuÄÅü�5U.
~��OØXÚkÅ�OØ!ØåÅOØ!¢íµ

ÓOØ!EÜOØÚ>9ÏOØ[89]. �'uÅ�O
Ø!ØåÅOØÚEÜOØXÚ,¢íµÓOØä
kØ�ÑuÄÅÅ�ÑÑõÇ!NÈ��!(��

é{ü�`:,38c��^OØì¥Óâ
Ì�
/ [90].

¦+l�nþù,ðhÅ�µÓOØ��hÅ
�'¿vk���«O,�´éuðhÅ
ó,d
uOØ�íhS�ØåÚ§Ý�þ,,N´Úå�
�. Ó�duðhÅLþ�íXê��,-�§Ý
�p,)ä'�,¢í§Ý�'�hÅp 200◦C∼
300◦C,ù��
ðhuÄÅ9KÖ�O\[89]. d
	,ðhÅ=�$1����hÅ°,?í6þC
z���,�UÑy$��OØØåØv!p��
OØØåLp��¹[91]. Ïd,OØØå��éu
ðhuÄÅ5UkX�~­��K�.

OØØå>f����´ÏLN!�ÏzmÝ

½�C��µÓ(variable nozzle turbocharger, VNT)
����mÝ¢y�[92]. duÏLN!�ÏzmÝ
´±�r�Ü©¢í��d5N!Ø Å=��,
L¤
�Ü©¢íUþ,Ï
�Ç�$,��
µ

ÓOØXÚ5U�?�ÚJ,. �C��µÓOØ
XÚ´ÏL>���(�N!µÓ����¡�m

Ý5N!µÓ=�?
¢yOØØå�°(��

�. 3uÄÅ$��,ÏL~�µÓ����¡m
Ý¦OØØåJp±UõuÄÅ�$�A5;uÄ
Åp��,O��¡mÝ,¦OØØåØ�uLp.
�C��µÓOØXÚ��±*�uÄÅ$hÑ$

1«�,UõuÄÅ�]��AA5[93]. Ïd,�C
��µÓOØì´�«��n��OØ�Y.8c
'uXÛ�âuÄÅ¢�$1ó¹éOØØå?1

¯�!°O��´�C��µÓOØì>f��X

Ú�ïÄ9:. ��u�æ^êiPID���{,Ï
L��Ú?>Å�Úê¢yé��mÝ�N!,Ï
LuÄ­�¢��y
�C��µÓOØìéuÄ

Å5U�Uõ�J[94]. F��Nissanúi�{I�
Allied Signal, Garretúi�Ómu
�«�C��
µÓOØXÚ,TXÚæ^±>Äý�"�Äå

��¡ªKØ�1ì,��ìÏLN�ý�"Øå
��z�méÚ'4�m'5N�KØ���,¢
yéµÓ����¡mÝ�ëYN!. ��ìæ^
PI��éOØØå?14���,Ó��
Jp�
­�ó¹eXÚ�­½5Ú²w5,qO\
c"
����PI��ì�Ö¿. �DÚ�Úå���ª
�',TXÚ��­��ZOØØå��m~�

30%,uÄÅ�-h²L5Jp0.7%∼1.1%[95].

¦+DÚ�PI/PID��U
Ä�¢yOØØå
�4���,�'Úå����
�½�?Ú.�
´duOØØå��XÚ���5,±9d¢íØ
åÅÄ!!í�mÝCzÚå�6Ä,�uÄÅó
¹ÅÄ�, PI/PID��ìÏ~J±¯�!O(/ò
OØØåN���½�.�
)ûOØØå��X
Ú���5,©z[96]JÑ
�«ÄuOÃNÝ�
.ýÿ���OØØåÚEGRÇ���{. �e¢
�(JL²T�{�±k�/AéuÄÅK1ÅÄ

Úå�OØØåÅÄ,�´T�{î��6uuÄ
ÅÚµÓOØXÚëê,I�ÏL�þ��e¢�
(½��XÚëê. ©z[97]|^½þ�"nØ�
O
uÄÅOØØåÚEGRÇ��õÑ\õÑÑ
��XÚ,ù«�{k�/Or
XÚ�°�5,
ü$
6ÄéOØØå���J�K�,�´¿�
�ØOØØå��XÚ�?íXÚ�m�ÍÜ.

æ^�C��µÓOØì�":3u�uÄÅ

=��$�,¢í�)�UþÏ~J±÷v�p�
�íØ ',��
uÄÅ$�5U��z. 3ù
«�¹e,>9ÏµÓOØXÚA$
),¿¤�
uÄÅOØ>f��XÚ�#�ïÄ��.>9Ï
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µÓOØXÚÏLò>Åë��µÓOØì�¶

þ,�uÄÅó�3éÄ½\�ó¹�,>�ü�
°Ä>Å,°ÄØ Å\�?
Jp?íØå. d
	,�uÄÅó�3p=�½�KÖó¹�,>Å
��±��u>Å,òÜ©µÓUþ=��>U.Ï

>9ÏµÓOØXÚU
k�UõuÄÅ�$�

5UÚ]��AA5±9²L5. 8c��>9Ï
OØXÚEâ�'�¯K�¹ü��¡: �´>Å
�¡,duµÓOØì�=�ép(��z©¨10�
=±þ)[98],¤±9Ï>Å�ATäkép�ÑÑ
=�,ù�¦>Å=f(�7L;n,�U«Éµ
ÓOØì�9Ë�Úpª�Ä[99–100];�´>9Ï
µÓOØ��üÑ�¡,�'u�C��µÓOØ
XÚ,>9ÏµÓOØXÚ���(¹,�±3?
ÛuÄÅó¹eòOØØåN��Ï"�,Ïd�
âuÄÅó¹9�N�>9ÏµÓOØ��üÑ´

>9ÏOØXÚïÄ���­���[101–102].

3.7 ������uuuÿÿÿ���������(Knock detection and control)
��´uÄÅ��«��~-�y�,´dí

h¥�l»sl�"à·Üí3»�c¹���c

g-E¤�. ��u)�,íhS»�DÂ�Ýì
O,ØåÍ,¿�pª�ÌÅÄ,uÄÅuÑ7á
vÂ(,ÅN�Ä\ì,e%�!dwhÚíhX§
ÝOp. �����,uÄÅõÇÑkO\,r��
��uÄÅõÇeü!=�ü$,$=Ø­½. ��
éuÄÅ�³4�,§¬\­hXÚ¹l�9KÖ,
E¤hXÚ¹l��\ì$�ÛÜLz!m�,Ó
�Lp�Å�KÖ¬\�¶«!h=���,��
�¬¦uÄÅ�ü��z!hÑO\,Ó�r��
ÄÚD(î­�K�
f¨�Ó·5. Ïd,&Ä
uÄÅ����)ÅnÚK�Ï�!mu��uÿ

DaìÚ�A�&Ò?n�{!�OÜn���r

Ý�I?
�����u)éJpuÄÅ5Uäk

­�¿Â.

'uuÄÅ��uÿ��{,�â¤æ^�ÿ
þ&Ò,���©�5a,=: ÅN�Ä{!íhØå
{!-�D({!»sllf>6{!]�9&Ò

{.

1) ÅN�Ä{. ÏL3ÅN½öíhXÜ·�
 �SC�Ä(\�Ý)Daì,��u)�B�l
ÅN�Ä&Ò¥J��A���&Ò.¦+I�\
C�	��ÄDaì,�´T�{äk�p�uÿ
O(Ç,Ïd§´8cuÄÅ¥A^�2����
uÿ�{. ÅN�Ä{�J:3u�Ä&Ò�ÅN
�SC �k���'X,I��þ�¢�?1�

�. d	3uÄÅp�$=�,&D'�$,XÛl
�Ä&Ò¥J�k���A�´ÅN�Ä{uÿ�

��ïÄ9:. ÏLé�ÄDaì&Ò?1��Ú
ª��©Û,(½���.�>²´8c2�¦^
��Ä&Ò?n�{[103]. d	,�
E,�&Ò?
n�{��A^u��uÿ¥,~X©z[104]ÏL
éuÄÅÅN�Ä&Ò?1ëY�ÅC���
u

ÄÅ�D(rÝ,¿�âD(rÝ5�äuÄÅ´
Äu)
��;©z[105]ÏLéÅN�Ä&Ò?1
g£8wÄ²þ (auto regressive moving average,
ARMA)�.©Û,JÑ
�«^uÿþuÄÅ��
���#�{. ù
�{¦+3ØÓ§ÝþUõ

uÿ�O(Ç,�´du�{¢�5��,��

§�3¢SuÄÅ¥�A^.

2) íhØå{. Øå«õã�N�´íhSØ
åÅÄ���&Ò,�ÏL3íhXSCØ>¬N
Daì!Ø>>bDaì½1nØåDaì,�â
íhØå&Ò�ÅÄB�J�uÄÅ��&E.©
z[106]æ^p��K{ÚÓÚP¹íhØå«õ
ã,é»s:»uÄÅ��A5?1
Á�ïÄ,
Á�(J�y
��åÏu"à·Üí�g-;©
z[107]æ^hSØåDaìÚ1nDaìéuÄ
Å�KÖó¹���u)� �?1
£O,¿�
âO�6NÄåÆ (computational fluid dynamics,
CFD)é��?1
9åÆ½þ©Û.T�{¦+�
±��'u-���¡&E,�´¢����[B,

�I�éíhX?1AÏ\ó,¤±==3¢�
¿¥^uéuÄÅ-�Ú��Ån�ïÄ.

3) -�D({. du��u)�,uÄÅ¬�
)7ávÂ(,ÏdÏLÿþuÄÅ�D(ªÇ,
�±�A�&ÒÈÅ?nXÚÚ&Ò©ÛXÚ,B
�3��u)�luÄÅD(&Ò¥J�Ñ�A�

��A�. ©z[108]dKIVA-�O��6|�.
íÑn�(ÆÅÄ�§,¿ÏL�KIVA
§S�é
Ü¦)�Ñ
uÄÅ��-�L§¥�(Æ��L

§9(Æ-y��A�,±9�-�-y
éíh
ØåÅÄ��zÚ(|©Ù�¹!-�¿(Æ��

5Æ;©z[109]JÑ
�«��-�(Æÿþ�{
Ú�A�&Ò?n�{,¿ÏL¢��y
T�{
�±k�A^u��uÿ. ¦+-�D({®�y
²�±���«k����uÿ�{,�´§é�
����uÿO(Ç¿ØXÅN�Ä{,�¤��
puÅN�Ä{,¤±¿�É�±Y�ïÄÚ'5.

4) »sllf>6{. %�zÜÔ3-��,
¬�)ilf,¦»�Ú-��Ôäk�>5. |
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^TA5,3»slü4�m\þ·���6 �
>Ø,Ò¬/¤¤¢�»sllf>6. lf>6
����]�lfßÝk',
]�lfßÝ´d
-�L§û½�. ÏdÏLélf>6&Ò�ª�
Ú��ïÄ,Ò�±éíhS-�L§?1©
Û[110]. �â»sllf>6&Òé��A�?1
J�®¤�uÄÅ��uÿ�{�ïÄ9

:[110–113]. »sllf>6{��uÿ�`:´Ø
I�SC�	�Daì,ØI�é�kuÄÅ(�
�?ÛUC,�I�V\{ü�-y9&Ò?n>
´B�?1lf>6&Ò�uÿ. T�{�J:3
uXÛ�âlf>6&ÒO(/J���A�±9

��rÝµd�I�(½[112, 114].

5) ]�9&Ò{. ��u)�,�9Ç�ìO
¬E¤hX!e%�±9dwh�§ÝCz,ÏL
uÿuÄÅe%�½öhX!hN�§ÝÅÄB�

±l¥J���A�[115–116]. �´É�uuÄÅá
�Úe%��9D�Ç99*ÑÇ,ù«�{��
A�Ý�$,��
Ù?�ÚA^.

�âuÿ����&Ò,9�N�:»Jc�,
���Ý/ ���S�ål´����XÚ�Ø

%. DÚ�����XÚ3��u)�,òíh�
eg:»��'A5|êâí´���½�þ,X
JegEu)��,KUYí´:»Jc���Ø
u)��,,�2ÅÚO�:»Jc���¡EA
5|êâ. T�{�":´N��Ýú,�uÄÅ
ó�3��4�üý. �7XÛJp�����N
��ÝÚO(5,kÆöJÑ
ÄuÚOÆ���
�{[117–118],�éuDÚ�{,ù
�{3�½§
ÝþJp
�����N��Ý,�´T�{´ï
á3�þÚO&E�Ä:þ�,I��þ¢�êâ
�|±,¿�3O(5þ�k�Jp[119].

3.8 kkk???---������ªªª������ (Advanced combustion
mode control)
-�´ò-��zÆU=��9U�L§,´

uÄÅ$1�Ø%L§,�´û½uÄÅ�Ç�À
/Ôü���­���!. 20­V90c��Ï±5,
¡�X�5�î��k³íNü�{5±9�5�

p�-h²L5�¦,S-Åk?-�nØÚEâ
ïÄ?\
��#�¹�Ï[120]. ��¡k?Da
Eâ±9>í�1Å�3uÄÅþ�A^,���
uÄÅ-�L§��ÇÚ��Jø
�U,?
�
mu��p�!�'�uÄÅ-��ªJø
�U,
XD�-�(lean burn, LB)!þ�Ø-(homogeneous
charge compression ignition, HCCI)!$§-�(low

temperature combustion, LTC)�;,��¡#�-
��ª�éuÄÅ>f��XÚ9���{JÑ


#�]Ô.U9�ÆS-Å-�ÆI[­:¢�¿
��u�¬Q�Ñ:/#��S-Å-�nØ�Ø
%Æâg�´-�L§>.^��-�zÆ��Ó

��0. ÏL-�>.^����,��-�þ!§
Ý!-�ßÝ!�ßÝ±92Ì�¢íßÝ��-

�zÆÄåÆL§�'�ÔnÚzÆëê,l
¦
-�L§UXý½�p�!$À/���Ú�Ç?

1. ù«ÔnÚzÆëê���´ÏLé-�Ú�
í�ø��·Ü!DºíN�|^!?í§Ý�ë

ê���¢y�. Ïd7LéS-Å�-�Ú�í
ø�XÚ!¢í2Ì�XÚ9Ñ9XÚ�?1pÝ

(¹�!�Uz���,±���Ó���8�. -
���´-�Æ!&EÚ��Æ����,´éD
Ú-�Æ�uÐ[121–122].

3ðhÅk?-��ª�¡,/þ�Ø-0-�
nØ�@�#��S-Å-�nØ��L,�âù
�nØ�±|��p�!��'�-�L§. ��
u�¬3Ù;Í5þ�Ø-$§-�uÄÅnØ�

Eâ6Ú5S-Å-����6¥éþ�Ø-�n

ØSº!IS	uÐyG!Ø%Æâg�±9¦�

ïÄìè3Cc5���ïÄ¤J?1
�\�¢

�©ÛÚ0�[121–122].

3-��ª���{�¡,d¸®��Ç�k
JÑ5�g|6����
éÐ�A^. g|6�
�QU«
²;PID��ìØ�6u��é�°(
êÆ�.�`:,q|^��5(��Ö
PID�
���k"�.g|6��r��é�¥���Ü
©8(�XÚ�o6Ä,ÏL*ÜG�*ÿìéX
Ú�o6Ä?1�O¿��Ö�.äkûÐ�·A
5!°�5Ú�ö�5. 2012c10�°,U9�ÆS
-Å-�ÆI[­:¢�¿�;�Þ�ï?¬Òg

|6���Ø%g�9Ù3uÄÅ��!ð���

+��A^Ðm;K?Ø.�7HCCIuÄÅ,g|
6����
�X��A^. ©z[123]JÑ
�«
Äu�.c"–)Í–g|6���HCCIuÄÅ-
����{,T�{±-�� CA50!²þ�«k
�ØåÚ�-'�ÑÑ, Simulink/GT-power�ý(
JL²T�{éuÄÅ=�ÅÄ!?í§ÝÅÄÚ

e%�§ÝÅÄþLyÑ
ûÐ�°�5;©z
[124]JÑ
�«·Üg|6��üÑ(HDRC)^
uHCCIðhÅ��Cí���Å���,¢�(J
L²T�{'PI��ìk�¯��A�ÝÚ�Ð�
°�5.
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-�� uÿ´HCCIuÄÅ-����Ä:,
3HCCIðhuÄÅ�-�� uÿÚE£�¡,©
z[125]éÄuSÜí{¢í�ðhHCCI-�L
§�lf>6A5?1
¢�©Û,(JL²lf
>6$:� !̧ �� �HCCI-�� ��5
�'Xê30.95±þ;©z[126]|^Elman ²�
äéHCCIðhuÄÅ�-�� ?1ýÿ,¢�(
JL²T�{éHCCIÄ�L§�-�� CA10
ýÿØ��u0.8◦CA,
éCA50�ýÿØ��u
0.9◦CA;©z[127]|^ElmanÄ�48 ²�äl
íhØå&Ò¥éHCCIðhuÄÅ�-�� 
CA50?1
3�E£,(JL²T�{éCA50�
ýÿØ��u0.25◦CA;©z[128]|^Fá�C�
ò���ÅN�Ä&Ò=��ª�,,�éÅN�
Ä&Ò�-�� �m�'X?1
©Û,(JL
²ÅN�Ä&Ò�-�� �mäkép��'X

ê,�±���«k��-�� uÿ�{;©z
[129]|^���{l��Daì&ÒÚ]�=�
&Ò¥J�HCCIðhÅ-��ª&E,oNE£¤
õÇ375%�m. þã�{þ´ÏLém��N-
�� ��ÿþÔnþ&Ò?1E£
J�uÄÅ

-�� �,3� uÿ�O(Ç�¡���Jp.
mu����NHCCIðhuÄÅ-�� �#.
Daì�½ö�\ïÄ�ÿþÔnþ�-�� �

m�'X,Jp� uÿO(Ç´8����Ï-
�� uÿïÄ�­:.

4 (((ØØØ���ÐÐÐ"""(Conclusion and perspective)
nþ,��Xk?Daì9>í�1Å��Ø

äuÐ,ð�uÄÅ>f��XÚ���+�Ñ�
�
Nõ-<Ê8�?Ð.�´,��X�¥�h
]
�FÃ &±9�íÀ/�FÃî­,<�é
uÄÅ²L5UÚü�5U��¦��5�p. �
dÓ�,�þ�#.Da��Ú>í�1Å��¦
^,O\
uÄÅ>f��XÚ���gdÝ,�
O\
Cþ�m�ÍÜ§Ý,¦uÄÅ��XÚ�
�.�\E,,ùéuÄÅ>f��XÚ���n
Ø!�Og�!I½Ú¢��{ÑJÑ
#�]Ô.
o�,uÄÅ>f��+���3Xéõ­��ÿ
�)û�¯KI��'��ïEâ<
�&¢Úï

Ä.�éù
¯K,é�5�^ðhuÄÅ>f�
�XÚ�uÐª³�XeÐ".

1) þ�Ø-ðhÅ-���.-�´S-ÅØ
%,ÏLé-��ª�`z,S-ÅýO�k25%∼
50%�!hdå[121]. ±þ�Ø-��L�ðhÅ
k?-��ª´X»4�Ú­½-�4�e�/4

�0-�L§,�¢yù«4�-�L§,Ò�¿©
|^-��-�A5Ú���·A�>.-�^�

��.Ïd, HCCIðhuÄÅ�-��Ç��!�
���!õ-��ª����9�Ù�'�DaÚ

uÿ�{,ò´8����ÏðhuÄÅ>f��
XÚ�ïÄ­:[121];

2) uÄÅ·Üï��{. uÄÅ´�«E,�
Uþ=�C�,éJÏLÄ��Ôn!zÆ½Æï
áÙ°(�.. 8c2�¦^�uÄÅ²þ��.,
´3�þ�¢�êâ�Ä:þ
�Ñ��«²��

.,�.°Ý��,vk���NuÄÅ�ó�Å
n,�ëê�~õ,éØÓ�uÄÅI�?1�þ
�­E¢�âUïáÙ�.. �éuÄÅù��E
,XÚ,ÏLé�þl�½ö3�êâ?1©Û,
&¢Cþ�m�S3'X,ïÄÅn�.Ú²��
.�(Ü�·Üï��{,é�\n)uÄÅ��
XÚÅn,mu#.uÄÅ���{äk­��n
Ø��¿Â;

3) õó¹euÄÅõ8I`z��.�X�I
ð�ü�{5éNOx, COÚHC�À/Ôü�IO
�?�ÚJp,±Y/UõuÄÅü�5U´uÄ
Å>f��XÚ�­�?Ö.�´,duuÄÅ�
²L5!Äå5Úü�5�m  �3Àâ,?�
Ú/Jpü�5�U¬��²L5½Äå5��

z. Ó�,uÄÅ  ª��Oó�3\�!~
�!!�!7���«ó¹e,ØÓó¹eéuÄÅ
���8I��¦�Ø���Ó.Ïd,ïÄõó
¹euÄÅõ8I`z��,é�N���8I,
nÜUõuÄÅ5Uäk­�¿Â;

4) uÄÅgÄI½/��²�mu. uÄÅ�I
½/��L§I�¢�<
�E/N���ëê,¿
�â¢�(J�E/N��«Mapã,ó�L§�
~�¡,¿��XuÄÅ��XÚE,Ý�Jp,
I�`z!���ëê�5�õ,uÄÅI½/��
�L§�¥yÑ�5�E,�ª³. Ïd,mu±
O�Å�Ø%�uÄÅ>f��XÚgÄzI

½/��²�,ò¬��JpuÄÅI½/���Ç.
3I	,®²kû¬z�uÄÅgÄI½/��²
�,~XAVL Puma Open�. 3IS,©z[130]@
32001cÒgÌmu
uÄÅgÄ`z��+n
²�,�¤Äÿ!â�pò�úi�íÑ
uÄÅ
gÄzÿÁ²�,�´ù
²�3õU!8¤z!g
Äz§Ýþþ�ISk?Y²k���å. Ïd,
ïÄmuäkgÌ�£���uÄÅgÄI½/�
�²�,éu�»I	�ä,mup5U�uÄÅ
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>f��XÚäk­�¿Â;

5) p��uÄÅ>f��XÚmu�ªïÄ.
�þ�DaìÚ>í�1Å�!E,�ó�ÅnÚ

CþÍÜ'X,û½
mup5U�uÄÅ>f�
�XÚ´��E,!�¡!Ñ��XÚó§,¿�m
uL§lØm�«���¢�!NÁ!�YN�. D
Ú�Step-by-Stepmu�ª3mu�Ç!mu¤�
±9muºxþ®éJ·AuuÄÅ>f��XÚ

ù��E,XÚ.Cc5,Äu/V�.0�mu�
ª, 6Sigma�O(design for six sigma, DFSS)±9i
\ª^�muÎÙ�.�k?mu�ª3uÄÅ�

�XÚmu¥��
�5�õ�A^,3�½§Ý
þJp
mu�Ç.�´,äN�A½�uÄÅ>
f��XÚmu,þãmu�ªÑ��3,
Û�
5,~XÄu/V�.0�mu�ª3�è£��!
E,I��þ�<ó0\,ÎÙ�.éI¦Cz�
Ø¯a�. Ïd,�éykmu�ª�":,(Ü¢
SuÄÅ>f��XÚ�muA:,�O��p�
�mu�ª,´uÄÅ>f��XÚmu���­
�ïÄSN.

Cc5,��X·Ið���þ±9IS½|
I¦�ÅcJp,±9�ð��ûéè�Ø%¿�
åg·�¦�ØäJp,�ð��ûÚ�ïÅ�é
gÌM#Uå�@£�ÅÚ��,�5�õ�è�
�åumuäkgÌ�£���uÄÅ>f��X

ÚÚ�'"Ü�.�&�XI�uÄÅ>f��X
Ú�Øä¤Ù,7ò�I�p5UuÄÅ�OÚ�
E�5ã�Äå,�JpgÌ¬ýð��Ø%¿�
åC½Ä:.
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