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Transient cylinder air charge estimation with nonlinear Kalman filter
for air-fuel ratio control of gasoline engines

FENG Yu, JIAO Xiao-hong†
(College of Electrical Engineering, Yanshan University, Qinhuangdao Hebei 066004, China)

Abstract: Since accurate estimation for transient cylinder air charge is an effective method for improving the accuracy
of transient air-fuel ratio control of engine, an estimation algorithm based on unscented Kalman filter is proposed for the
transient cylinder air charge. Furthermore, a feedforward-feedback controller of the air-fuel ratio is designed by utilizing
the estimated cylinder air charge. Simulation comparison in MATLAB is given with the existing estimation algorithm
for the cylinder air charge. Meanwhile, the effectiveness of the proposed estimation algorithm is validated by simulation
illustration of air-fuel ratio control based on the estimated transient cylinder air charge. The difference from the existing
results lies in three aspects: firstly, the estimation model for transient cylinder air charge, which includes the crankshaft
rotation velocity dynamic besides the intake manifold pressure dynamic and also is described as the mean-value model
obtained by nonlinear identification, secondly, the utilization of digital filter with moving average for dealing with the
pumping fluctuations, and finally, the adoption of unscented Kalman filter for estimating the intake manifold pressure and
crankshaft rotation velocity.

Key words: automobile engines; cylinder air charge; air-fuel ratio control; Kalman filters; air-charge estimation

1 ÚÚÚóóó(Introduction)
uÄÅ�-'´K�-h²L5Ú�íü��­

�Ï�.uÄÅ�hþÄO��õ�´ÏLa�h?
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ÿì�^u�O?íþ¯K.©z[6]�Ä�õíhu
ÄÅíh?íÀ§�ÍÜ¯K,3­¶=��S�O

Äuõæ��Ç�?íþ�O�{,¿3¢�²�
þ�y
�{��15. ,	,©z[7–9]�éÜ+Ø
åÉ"íÅÄ!�ÅD(±9ÿþD(�K�¯K,
�ÄuÄÅ��5A5,þæ^
Äu*Ðk�ùÈ
Å(extended Kalman filter, EKF)�G�*ÿì¢y?
íþ�O.Ù¥©z[9]é"íÅÄ?1©Û,òÙï
���������!,éáÜ+Øåþ��.ÏL
*Ðk�ù*ÿì?1�Û�O.�´"íÅÄï�
I��þÁ�?1I½,��.�ê�Oõ\�
�
{�E,Ý.,	,*Ðk�ùÈÅ´é��5¼ê
�TaylorÐmª?1���5z�ä,ù7½¬�)
p���äØ�,���5¼ê�ä�'Ý
�¦)
O�þ�é�,O\
O��E,Ý.

�u±þ©Û,�©æ^Ã,k�ùÈÅ(unscen-
ted Kalman filter, UKF)�{ [10–11]?16�h?íþ

*ÿì�O. UKF�{�EKF�{�',ØI�O�
�.�ä�'Ý
,
�é��5©ÙÚOþ�O�
°Ý��U����,5U`uEKF.3�O*ÿì
�c,Äkïá
?íþ�O���5þ��.,¿
æ^ëY�mE£�{é�.ëê?1E£;�é�
3�"íÅÄD(�¯K,;�
é"íÅÄ�ï�,
éÜ+Øå&Ò?1
Äu­¶=���ý?n,æ
^£Ä²þ�{�êiÈÅìé"íÅÄ?1ÈÅ;
,�éUKFÚEKF�{?1©Û'�,JÑæ^UKF
�?íþ�O�{,�O
Äu?íþ�O��-'
��ì,¿?1�ý�y.

2 ???íííþþþ���OOO���...���EEE£££ (In-cylinder air
charge estimation model and identification)

2.1 ������555þþþ������...(Nonlinear mean-value model)
uÄÅ�êÆ�.´�O��XÚ�Ä:. 3u

ÄÅ��ïÄ¥,~^�uÄÅ�.´þ��. [12],
§L�ª{ü�U÷v�ýÚ���I¦. �
¢y
6�e��-'��,�©3þ��.�Ä:þ�E

uÄÅ6�?íþ�O���5²þ��.,�)
?íÜ+Ä��.Ú­¶=�Ä��.üÜ©.
ã1�uÄÅXÚ{ã.

ã 1 uÄÅXÚ{ã

Fig. 1 The sketch of engine system

?íÜ+Ä��.��ân�íN�§ªü>�

�©5£ã. duÜ+9D�é�,�ÑÜ+§ÝC
z,K��eª:

ṗm = ṁaRTm/Vm, (1)

Ù¥: pm´?í+ýéØå, R´íN~ê, Tm, Vm©

OL«?íÜ+�§ÝÚNÈ, ṁa�?íÜ+��í

6þ. 2�â�þÅð½n��

ṁa = ṁat − ṁap, (2)

Ù¥: ṁat�6²!í���í6þ,�!í�mÝC
z
Cz,Ù�±ÏL�í6þDaì��ÿ�;
ṁap´?\íh��í6þ,�d�Ý�Ý{£ã�

ṁap =
Vdηvpmn

120RTm

, (3)

Ù¥: Vd�uÄÅüþ, n�uÄÅ=�, ηv�¿í

�Ç.?�Ú,æ^©z[12]�Ñ�CqL«:

ηvpm = spm − y, (4)

Ù¥sÚy´�~ê. ¿�òuÄÅ=�nC����

Ýω,KÜ+Ä��.£ã�

ṗm = c1ωpm + c2ω + c3ṁat, (5)

Ù¥: c1 = − Vds

4πVm

, c2 =
Vdy

4πVm

, c3 =
RTm

Vm

.

­¶=��Ä��.��âÚî12½Æïá�

Jω̇ = Ti − Tf − Tl, (6)

Ù¥: J´­¶=Ä.þ, Tl�K1ÛÝ. TiÚTf©O

�uÄÅ�«ÛÝÚ�ÞÛÝ,�©O£ã�

Ti = g1(ω)pm + g2(ω), (7)

Tf = dω, (8)

Ù¥:

g1(ω) =
HuVdsηi(ω)
4πLthRTm

, g2(ω) = −HuVdyηi(ω)
4πLthRTm

,

d��ÞXê. Hµ�-h9�, ηi��«�Ç, Lth�

zÆOþ'��14.7.

Ïd,nÜª(5)–(6)��^uh?íþ�O�X
Ú�.Xe:{

ṗm = c1ωpm + c2ω + c3ṁat,

Jω̇ = g1(ω)pm + g2(ω)− dω − Tl.
(9)

2.2 ���...ëëëêêêEEE£££ (Identification for model para-
meters)
^u?íþ�O��.(9)¥ëêI�E£. ^u

E£�¢�êâæg,� 3.5L–V6uÄÅ¢��
e [13],�)164|­�ó¹$1��êâÚ4|6�
ó¹$1e�êâ. z|�¹5�&Ò:!í�mÝφ,
�í6þDaìÿ��?íþṁat,Ü+Øåpm,K
1=ÝTl,uÄÅ=�ω. ëêE£©�·�¼ê[Ü
ÚÄ�ëêE£üÜ©.
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2.2.1 ···���¼¼¼êêê[[[ÜÜÜ(Static functions fitting)
ké?íÜ+�§�·�ëê[Ü.-ª(9)¥

ṗm = 0,��Ø¹Ä�L§�eª:

pm = −c2ω + c3ṁat

c1ω
= k1 + k2

ṁat

ω
, (10)

Kª(5)�U��

ṗm = c1(ωpm − k1ω − k2ṁat), (11)

Ù¥: k1 =−c2/c1, k2 =−c3/c1. dc1, c2, c3�½Â�

�, k1 = y/s, k2 = 4πRTm/sVd,§��íh�¿í
�ÇÚüþ���',Épm�Ä�C�K�Ø�,Ï
d,ÏL·�[Ü��k1, k2,
c1òæ^Ä�E£¼

�. �âæ��­�ó¹e�êâ,æ^MATLAB
óä�?1­¡[Ü,Ù[Ü�MAPãXã2(a)¤«,
¿�^���¦E£�{�� k1 = 4.142× 10−2,
k2 = 4.307× 103.

(a) ?íÜ+�§·�[ÜMAPã

(b) ­¶=��§·�[ÜMAPã

ã 2 ·�¼ê[Ü�MAP

Fig. 2 Static functions fitting MAP

2é­¶=��§�·�¼ê[Ü.Ó�/,-
ª(9)¥ω̇ = 0,��Ø¹Ä�L§eª:

g1(ω)pm + g2(ω)− dω = Tl. (12)

�Ä��«�Ç�ëê�Ø(½5,ùp�g1(ω),
g2(ω)æ^�Å�.,^e�L�ª£ã:

g1(ω) = c4ω
2 + c5ω + c6,

g2(ω)− dω = c7ω
2 + c8ω + c9.

ÏL­¡[ÜXã2(b)¤«,¿^���¦E£�{
)�c4∼c9��.Ù¥c4 = −8.81×10−4, c5 = 0.708,
c6 = 200, c7 = −1.893 × 10−5, c8 = 9.213 × 10−2,
c9 = −48.84. Kª(6)=��

Jω̇ = (c4ω
2+c5ω+c6)pm+c7ω

2+c8ω+c9−Tl, (13)

Ù¥��ëêJ´I�Ä�E£�.

2.2.2 ÄÄÄ���ëëëêêêEEE£££(Dynamical parameters identi-
fication)

Ä�ëêJÚc1�E£æ^
©z[14]JÑ�ë
YXÚE£{)�5È©ÈÅ{(LIF).§�±;�ë
YXÚ�.lÑzm�E£���E£�.���

Ø�,Jp
E£°Ý.

Äk,éÄ��§(13)ü>¦�,�ª¥�ṗm^ª

(11)O�,�±��

Jω̈= ω̇
∂g1(ω)

∂ω
pm+g1(ω)ṗm+

∂g2(ω)
∂ω

ω̇−Ṫl =

ω̇[(2c4ω+c5)pm+(2c7ω+c8)]−Ṫl +

c1(c4ω
2+c5ω+c6)(ωpm−k1ω−k2ṁat). (14)

éþª3k�«m[t− lT, t](l´È©�ÝÏf)S
^ê�È©��ª5;�é&Ò�¦�,��.=�
¤lÑXÚ�.,�ªæ^���¦?1E£. ã3w
«
�|¢�êâ?1E£�A�­�.

ã 3 E£ëê1/JÚc1/J��AL§­�

Fig. 3 Response of the identified parameters 1/J and c1/J

3 ???íííþþþ���OOO���{{{ (Air charge estimation al-
gorithm)
�â�Ý�Ý�§(3)��K�uÄÅ?íþ�Ì

�Ï�´Ü+ØåÚuÄÅ=�.Xã4¤«�Ü+
Øåÿþ�­�,du"íÅÄ!�ÅD(±9þÿ
D(��3,¬��?íþ�O� �.

ã 4 ÈÅc�Ü+Øå­�

Fig. 4 Manifold pressure before and after filter
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éuD(��Ø,�{ü��{´æ^��.5
�!?1ÈÅ?n. �lã4�Ñ�ÈÅ���,ù«
?n�{%N´E¤6�ó¹e&Ò�ò��),E
¤Ø7��Ø�.

3.1 ÜÜÜ+++ØØØååå&&&ÒÒÒ���ýýý???nnn(Manifold pressure
signal preprocessing)
?íÜ+Øå�"íÅÄ±ÏCzÌ�´duí

�9¹l�±Ï$ÄE¤�. ã5�uÄÅ3=��
1600 r/min�­�$1e,��uÄÅÌ�S�Ü+
Øå­�.lã5¥�±wÑ"íÅÄ3��uÄÅ
Ì�S��6g,3­¶=��S,��±Ï�120◦.

ã 5 ��uÄÅÌ��Ü+Øå­�

Fig. 5 Manifold pressure in one cycle

"íÅÄ�?n�{��kü«: �«´é"í
ÅÄ?1©Û,òÙ£ã��������!�.,
\\þ��.¥l
?1�Û�O[9]. �"Åï�I
��þÁ�?1I½,��.�ê�Oõ\�
�{
�E,Ý.,�«�{´3��"íÅÄ��±Ï¥
?1õgæ�¿¦Ù²þ���{,ù´�«Äu­
¶=���²þæ��{.

�©´3��«�{�Ä:þ?1U?,æ^£
Ä²þ�{�êiÈÅìé"íÅÄ?1ÈÅ.3
z120◦­¶=�S4gæ�,�z�æ���Ñæ�
�c��Ú�c��c3�æ����ÑÑ,�K�
����,¿¦þ���ÑÑ.ÈÅc�Ü+Øå­
�'�Xã6¤«.

ã 6 ÈÅc�Ü+Øå­�

Fig. 6 Manifold pressure before and after filter

3.2 ***ÿÿÿììì���OOO(Observer design)
ÏLÜ+Øå&Òý?n,uÄÅ"íÅÄ�±

Ä�ÈØ.�´d�ÅD(E¤�G�Ø�,±9d
DaìÿþE¤�Ü+ØåÚuÄÅ=��þÿØ

�EØN�À.�¦^k�ùÈÅïáG�*ÿì,

éÜ+ØåÚuÄÅ=�?1­�,l
¢y?íþ
�O(�O.�éuÄÅ�.���5A�,I�¦
^��5k�ùÈÅEâ,~XEKFÚUKF,��O
XÚG�.

3.2.1 EKFÚÚÚUKF���{{{(EKF and UKF)
k�ùÈÅì�8�´¦ÑéG�x��5��

�����x̂. Ù4�z5U�IJÚ�5����

��x̂©O�

J = E[(x− x̂)(x− x̂)T], (15)

x̂ = E(x) + PxyP
−1
yy [y −E(y)], (16)

Ù¥: y�LÑÑþ, E�L¦þ�, P�L¦���.
dd��,���G���`�O,I®�G�þÚ
ÑÑþ�þ������©ÙÚOþ. éu�5XÚ,
ù
ÚOþ´ÏL�5D4��. 
��5XÚ¥�
�5¼ê�þ�����D4KØ´¼�. EKFÚ
UKFü«��5k�ùÈÅ�{©Oæ^
ØÓ�
�{¢y��5¼êÚOþ�D4,¦�XÚ·^u
XL1¤«��5b�e�Kalmanµe.

L 1 Kalmanµe
Table 1 Kalman frame

x̂k|k−1 = Ax̂k−1|k−1 + Buk−1
ýÿ

Pk|k−1 = AP k−1|k−1AT + Q

Kk = Pk|k−1CT(CP k|k−1CT + R)−1

�# x̂k|k = x̂k|k−1 + Kk(yk −Cx̂k|k−1)

Pk|k = (I −KkC)Pk|k−1

�Ä��n��ÅCþX ,d��5¼êC¤Y :

Y = g(X), (17)

�½X�þ�X̄Ú��PX ,8�´¦ÑY�ÚOþ

(þ�Ȳ���PY ). k�ùµe¥�ýÿ��#L�
ªÑ�±�¤ª(17)�/ª.

EKF´�7G�þò��5¼êg(X)��VÐ
mªÑ���9±þ�,¦)JacobianÝ
A,¢y�
�5XÚ�5z, Y�ÚOþ�±^eª��:

Ȳ = g(X̄),

PY =
∂g

∂X
PX

∂gT

∂X
= AP XAT.

UKFK´æ^
Ã,C�(UT)��{O�Y�Ú

Oþ[10]. UTC���n´æ^(½æ�üÑ,À�
2n + 1�\�sigma:,ù
:UÓ¼�ÅCþX�

þ����,^õâf%C��5¼ê�VÇ©Ù,
��Y�ÚOþ. UTC�äNÚ½�:

a) sigma:�À��Y�

χ0 = X̄,

χi = X̄ +
√

(n + λ)Pi,
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χi+n = X̄ −
√

(n + λ)Pi, i = 1, 2, · · · , n,

Ù¥: λ = α2(n+κ)−n�ºÝÏf, αL«sigma:�
X̄�ål,��10−4 6 α 6 1, κ�~ê,���0½
3−m; Pi�LÝ
P�1i�.

b) éA�sigma:���

W m
0 = λ/(n + λ),

W c
0 = λ/(n + λ) + (1− α2 + β),

W m
i = W c

i = 0.5/(n + λ), i = 1, 2, · · · , 2n,

W m�^uG�ýÿ���ÚO��, W c�^u�

��ýÿ���ÚO��, β�p�� �Ö�Xê.

c) ésigma:?1��5C�: Yi = g(χi),��
C���þ�Ú��:

Ȳ =
2n∑
i=0

W m
i Yi,

PY =
2n∑
i=0

W c
i [(Yi−Ȳ )(Yi−Ȳ )T].

²;�EKFæ^��5¼ê�5z��{,Ïd
�3���CqØ�. UKFæ^UTC�,ÃI¦)
JacobianÝ
,�é��5©ÙÚOþ�O�°Ý�
�U����,5U`uEKF.Ïd,�©À^UKF?
1?íþ�O.

3.2.2 ÄÄÄuuuUKF���???íííþþþ���OOOüüüÑÑÑ(Air charge esti-
mation based on UKF)

�
¦�.·^uÃ,k�ù�O�{,Äké
ª(9)lÑz,���A�lÑz�.:




pm(k+1)=pm(k)+Tsc3[ṁat(k)−(ṁap(k)+
δm(k))]+wpm(k)

ω(k+1) = ω(k)+Ts/J [g1(ω)pm(k)+g2(ω)−
dω(k)−Tl]+wω(k)

δm(k+1) = δm(k)+wδm(k).
(18a)

ÑÑ�§�

y(k) = [pm(k)+νpm(k) ω(k)+νω(k)]T, (18b)

Ù¥: δm´�Ö�dï�Ø���?íþ �Ú\�

G�þ. wpm(k), wω(k), wδm(k)�XÚ�G�D(,
νpm(k), νω(k)�þÿD(, Ts�æ�±Ï.

Pxk = [pm(k) ω(k) δm(k)]T, uk = ṁat(k), wk

=[wpm(k) wω(k) wδm(k)]T, υk =[νpm(k) νω(k)]T,
¿b�wkÚυk´þ��0,��©O�QÚR�pØ

�'�xD(,ª(18)�±­#L«�{
xk+1 = f(xk, uk) + wk,

yk = Cxk + vk,
(19)

Ù¥ÑÑÝ
C =

[
1 0
0 1

]
.

æ^UKF�{é�G�þ?1*ÿ,äNÚ½�:

a) Ð©z: X̂0 = X̂(0), P0 = P (0).

b) ëìþ!À�sigma:χi,k−1,¿O�éA�
�W mÚW c.

c) ýÿ: éÀ��sigma:?1��5C�

χ∗i,k|k−1 = f(χi,k−1, uk−1).

G�þþ�Ú���ýÿ�:

X̂k|k−1 =
2n∑
i=0

W m
i χ∗i,k|k−1,

Pk|k−1 =
2n∑
i=0

W c
i [(χ∗i,k|k−1−X̂k|k−1)

(χ∗i,k|k−1−X̂k|k−1)T]+Q.

þÿ¼ê?1sigma:D4

Yi,k|k−1 = h(χ∗i,k|k−1).

ýÿ*ÿ�9Ù��!����O��

Ŷk|k−1 =
2n∑
i=0

W m
i Yi,k|k−1,

PYk
=

2n∑
i=0

W c
i [(Yi,k|k−1 − Ŷk|k−1)×

(Yi,k|k−1 − Ŷk|k−1)T] + R,

PXk,Yk
=

2n∑
i=0

W c
i [(χ∗i,k|k−1 − X̂k|k−1)×

(Yi,k|k−1 − Ŷk|k−1)T].

d) �#:

Kk|k = PXk,Yk
P−1

Yk
,

X̂k|k = X̂k|k−1 + Kk|k(Yk − Ŷk|k−1),

Pk|k = Pk|k−1 −Kk|kPYk
KT

k|k,

Ù¥Kk|k�KalmanOÃ.

�O��Ü+Øå�uÄÅ=��,�\�Ý�
Ýúª(3),¿�Äï�Ø�δm,�O���?íþ�
��Ṁap = ˆ̇map + δm.

4 ���---'''������ììì(Air-fuel ratio controller)
ÄuJÑ�?íþ�O�{,�O6�ó¹e�

�-'��ì. �-'���{æ^c"����"
���(Ü,c"��´Äu?íþ�OO�Ä��
hþ;�"��±°��Daì(universal exhaust gas
Oxygen sensor, UEGO)&Ò���"&Ò?1PID�
�,éÄ��hþ?1?�. �-'��XÚ(�ã
Xã7¤«. �h·-L�ª�

uf(k) =
Ṁap

Lth

+ Kpe(k) + KiTs

k∑
i=0

e(i) +

Kd

Ts

(e(k)− e(k − 1)), (20)

Ù¥: e = λd − λ, λd = 1.
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ã 7 �-'��XÚ(�ã

Fig. 7 Schematic of air-fuel ratio control system

5 ���ýýý���yyy(Simulation validation)
�
�yÄuÃ,k�ùÈÅ�6�h?íþ

�O�{5U,�ÄXL2¤«�ü«6�ó¹e
��ý¢�. ¿�?1?íþ�O5U����y
�Äu?íþ�O��-'��5U�m��y.

L 2 ü«$1ó¹
Table 2 Two operation modes

ó¹ uÄÅ=�/(r ·min−1) K1/(N ·m)

1 1300 ∼ 1920 60

2 1600 ∼ 2200 65 ∼ 25

5.1 ???íííþþþ���OOO���{{{������ýýý���yyy(Simulation of
air-charge estimation algorithm)
©OéÄuEKF�ÄuUKF�h?íþ�O?

1�ý¢�,�Ñ§��m9�¢S¢�ÿþ�h
?íþ�m�'�.

äN�ýëê��Xe: G�þ�Ð��âó
¹?1ÀJ,-X̂T

0 = [0.36 163], Ø����
�
Ð©�À���ê�,�©¥ÀP0 = 106I . D(�
��À��Ä
DaìD(!Q�R��­'X9

Ôn¹Â,3�ý¢�¥À�

Q = diag{6× 10−6, 10−2, 10−5},
R = diag{10−4, 6× 10−3}.

ã8Úã9�ü«6�ó¹e©Oæ^EKFÚ
UKF�{ÈÅ�uÄÅ�G�þ�­�.�G�þ
�²þØ���'�XL3¤«. é'UKF�EKF
ÈÅ­�±9²þØ��,�±uy: æ^UKF�
ÈÅ²þØ��'EKF�,§Uk�/éG�Úþ
ÿD(?1³�,U
�Ð/�OÜ+Øå,�Ø
�)�ò.

ã 8 ó¹1e�G�þ­�

Fig. 8 Engine states in operating mode 1
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ã 9 ó¹2e�G�þ­�

Fig. 9 Engine states in operating mode 2

L 3 ²þØ��'�
Table 3 Comparison of mean errors

�{
pm/Pa ω/(rad·s−1)

ó¹1 ó¹2 ó¹1 ó¹2

EKF 2.2954 8.0723 0.0059 0.0039

UKF 1.979 2.0924 0.0036 0.0028

�
�yÄuÃ,k�ùÈÅ�{��O°Ý,
?1
100gMonte Carlo�ý¢�. �ý'�
Ä
uT�{ÚEKF�{�ÈÅ�J.µd�I�Ü+
ØåÚuÄÅ=��þ��Ø�(root-mean-square
error, RMSE).½ÂG��O�þ��Ø��

E =

√
1
N

N∑
i=1

(x̂i
k − xi

k)
2,

Ù¥N�Monte Carlo�ýgê. G�þ�RMSE�
ý­�Xã10¤«,¿�ÑRMSE�I�þ�,X
L4¤«.

ã 10 ÄuEKFÚUKF�þ��Ø�­�

Fig. 10 Root-mean-square error based on EKF and UKF

L 4 �OG�RMSE�þ�
Table 4 The mean for RMSE of estimated state

�{
pm/Pa ω/(rad·s−1)

ó¹1 ó¹2 ó¹1 ó¹2

EKF 49.8983 50.4012 0.0256 0.0210

UKF 32.3574 30.0341 0.0145 0.0076

dL4�±wÑ,3Ó�^�e, UKFÈÅ�{
��O°Ý�ÑpuEKFÈÅ�{��O°Ý,ù
�´duUKFæ^UTC���G��þ�Ú��,
;�
EKF�{¥�5zÚå�Ø��K�.

�O���?íþṀap��í6þO¢Sÿ�

��'�Xã11¤«. �±wÑ,ÄuUKF�?í
þ�O�{�ÿþ�
ó,��²­,��Ä�

?í�¿ü�A,���°(�?íþ�O.

ã 11 ?íþ�O��ÿþ�'�

Fig. 11 Estimated and measured air mass flow

5.2 ���---'''������������ýýý���yyy(Simulation of air-fuel
ratio control)
�
�ycã?íþ�{�k�5,æ^Äu

UKF?íþ�O��-'��c"��\�"PID
��üÑ,��ì/ªXª(20)¤«,��XÚ�ý
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(JXã12¤«. dã12��,JÑ�?íþ�O
�{U
O(�O?íþ,¦uÄÅ6��-'�
�� �Ø�L3%.

ã 12 c"–�"��e��-'

Fig. 12 Air-fuel ratio under feedforward-feedback control

6 (((ØØØ(Conclusions)
�©JÑ
�«ÄuUKF�?íþ�O�{.

ÏLéÄuEKFÚUKFü«�{�?íþ�O'
�,L²ÄuUKF?í�O�{ÈÅ°Ý`uEKF
�{,�ý�y
�{�O(5. ,	,ÄuJÑ�
?íþ�O�{�O
{ü�c"–�"�-'�
�ì,6�ó¹e��-'��33%�S,��é
Ð�6��-'��°Ý.
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