Estimation of Individual In-cynlinder air mass flow
via Periodic Observer in Takagi-Sugeno form
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Abstract— In this paper, we propose to estimate the individual in-  each cylinder air mass flow prediction is giv€rther tools are
cylinder air mass flow for a gasoline IC engine. In order to  available mainly based on speed density equation with different
achieve this goal a periodic observer for a class of non-linear g|gorithms ([7, 8, 9, 10 and 11].

models in the discrete Takagl-Sug_e_no form is deS|gr_1ed. The In this paper, we propose an original approach using a
adopted framework to prove the stability of the observer is based Takagi-Sugeno (TS) [12] periodic observer to estimate the air

on the Lyapunov theory and uses linear matrix inequalities fl te | i ith t o th lind
(LMI) formalism. Some simulations and experimental results are @SS TlOW raté in Cyclic manner with respect 1o the cylinaer

provided to show the efficiency of the proposed method. firing sequence. The proposed_observer iS_ designed in the
crank angle domain and permits to take into account the

Keywords-In-cylinder air mass flow estimation; gasoline IC ~ nonlinearity of the air model using the TS representation. The

engine; periodic observer; Takagi-Sugeno design stability of the estimation error is proved from the Lyapunov
theory which results in linear matrix inequalities (LMI) [13]
I INTRODUCTION stability condition.

The paper is organized as follows. First, the model used for
o represent the four cylinder engine air dynamics is developed.
{len, section 1l presents the design of periodic TS observer

ich allows estimating the in-cylinder air mass flow, where a
Iscrete periodic TS model in the crank angle domain is

veloped and stability conditions are provided. In section 1V,
ome simulation and experimental results are proposed to show
e efficiency of the method. Finally, some conclusions and
rther works are given in the last section.

The high demand for consumption, emission and drivability
on modern internal combustion engines call for contro
concepts that cannot be carried out without the current stat
of the engine being detected. Since many of the variabl
required for control can only be measured. If at all, using a
expensive sensors (meaning sensors that are not suited
series production), there is completely need for novel an
effective ways of engine controlling, estimation and modeling.

The cylinder by cylinder air mass flow estimation or]cu

y y cy (
individual in-cylinder estimation) problem is an interesting II.  MODEL OF THEAIR MASSFLOW
and challenging task for the engine control community.

Indeed, an accurate estimation of each in-cylinder air mass This secti_on present _the model Of_ the air ﬂOW.WhiCh will pe
flow could allow reaching an accurate control of the fue|used to estimate the air flow entering each cylinder, the first
injection associated part present the dynamic of the manifold pressure, the throttle

Various methodologies exit in the literature and som@nd the runner vale flow, the last part explain the domain of

examples are given below. A first approach [1] presents a watpe present framework.

to estimate the air charge mal-distribution in the individuala, Dynamic of the manifold pressure
cylinders of a four cylinder spark ignition (SI) engine based on
a nonlinear discrete observer using only the measurement
the manifold pressure. In [2] and [3], the authors propose t
use the manifold pressure and the air mass flow sensors 3 RT oy

obtain the individual cylinder air charge form a multi-rate_z_fm”[Dmr (t)->.D,, (t)j (1)
sampling method. In [4], the authors propose several observergdt Viran EN.

design (high gain observer, etc...) to estimate the air mass . , )
flow in each cylinder from the estimation of the variation of Where T, is the manifold temperature;, the manifold
the volumetric efficiency. In [5], the authors propose the us&olume, Rthe perfect gas constarid,, the mass air flow rate
of an unknown input observer and in [6] a method based of

The dynamic of the manifold pressufe,, is given by the
llowing expression [14]:
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across the throttle D, (t) the air cylinder flow in the

i"™ cylinder, andn,, is the number of the cylinders.

The mass flow rate across the throttle is modekskd
on the following adiabatic orifice flow [13]:

P
D,, (t)=C,.A,.| 2~ |d(P,, P, 2
n (0=CoA 22 | (R ) @
The function A, with the discharge coefficier; expresses
the geometric flows characteristics for the theottiThe
differential pressure functiod (P, P, ) is defined by:

na
1y 2Xy _ y-uy\ . 2
(R) \/y—_l(l (R) ) if Pr>[—y+1j

d(P, (3)

am?

Pan) =
. 2(y-1) if P<s|—
W@y 8 tesl-2)

with the constan#l =1.4 and the pressure rati® ="
atm

between the atmospheric pressig, and the manifold
pressure.

The air mass flow into one cylinder, is obtained game way
as (2):

D,, (t) = A, (Lift (9)).[%}.01(% Py)

The geometric flow characteristics across the mtaklve for

(4)

each cylinderA,(Lift, (9)) are modeled as linear functions of

the valve lift A, =a; Lift () (the scalara; is the maximum
surface opening), with [15]:

Lift, (6) = IVLsin? (%(0— 90(i - J) - |vo)j

The function is characterized by the intake valveero

©)

timing (IVO) , the maximum lift(IVL) and the intake valve

B. Dynamic of the sensors

The observer is based on the measurement of theaais
flow rate provided by a hot wire anemometer, and tioa

measurement of the manifold pressure provided by a

piezoelectric pressure sensor situated after todtlth

The dynamic of the air mass flow sensor is modeled
first order dynamic:

dD,, (t)
thr dt

+ Dthrm (t) = Dthr (t) (7)

Where D, (6)is the measured mass air flo®,, (6) is
the actual mass air flow through the throttle apdhe time
constant of the senso2Qms ).

The dynamic of the pressure is also defined asadider:

OPren, (1)

T s ®)

+ Pren, (1) = P (1)

WhereR,,, (6) is the measured manifold pressure, apg
the time constant of the pressure sensonf).

C. Non-linear continuous model:

In order to compute the nonlinear continuous madseld to
derive an observer, we rewrite equation (4) as¥at

D,, (1) = Lift (6) (ﬁj A() ©

with 3 (t) = Py (1).d (P (t) . Py, (1)) (10)

If we consider only the constant partab( Prans Py )and using

equation (1), the dynamic of the variabl@san be written as:

A=\ (2y+ 1 xP (1)
:,/1/_(2/y+])% x F\Q/T: [Dm (t) —%D% (t)}

(11)

i=1

open duratior{IVD) and in the same manner as (3), theOr:

P

differential pressure function witR :P—Cy'i is given by:
r
— -1

(F?)l/y. ﬂ.(l—(l?)y 1/y) it p>—2 |

dPury)=f VT "V e

men? ol ) T . A
o 2 \r1

. + 1203 if P<|—

V(@3 ' [Vﬂj

In this paper, we only consider the case wheret&guéb) is a
constant.

i=l

A=y 3P e o, )-Suna [ ) 02

So, the problem of the estimation of the in-cylindé mass
flow can be transformed into the estimation of thtate

variablesg (t) . From the previous differential equations of

the air flow model, a non-linear model can be deduc
considering the state vector:

X () =[Rult) Ru ) DL(0) AL BU) AL AL
a possible continuous sate space representatithe ahodel is
given here:



) 0 0 A A A A Rl
—)/T )/T 0 00 0 O Vﬂgﬂ
0 0o - 00 0 0 (13)
X0= o /or X(t)+] /T | Dy (1)
4 0 0 O n
0 0 0 0 00 n
0 0 0 0 0y O n
| o 0O 0 0 0 0y n
with: A :a'i.Lifti(H).[“sT“’”] W E (2/y+]);%>< rren
and i =4 y.(2/y+ 1)% —“\;RT”"‘” a; Lift (6) (14)
And the output equation:
P t
v, ()] _[001 000 0 % (0 as)
Dy (t)| [0 01 000

Note that, if we consider directly the observatidgrihe model
(13) with the output equation (15), it is not ohsdile. To
solve this problem a periodic representation of) (8 the
crank angle domain will be considered.

D. Crankangle Domain transformation

The opening and closing timing of intake valve etle
cylinder are produced periodically on each cylindEhose
timing are varying in the time domain with the emgispeed.
However, if we consider the crank angle domain,dpening
and closing of the intake valve are produced ast#hee angle.

For that reason, it is convenient to formulate ¢igua(l),
(2), (4), (7) and (8) in crankshaft angle using folowing
transformation:

dx(e)[%j:

dée

dx (6) 4

dé

(16)

It has been argued that all dynamics, except fal fu
dynamics, varies less in the crank angle domainlfl6 also
the sampling period is fixed in the crank angle dombut will
vary in the time domain if the engine speed changes

Ill.  DESIGN OF THEPERIODIC TS OBSERVER

In this part, the design of the periodic TS obserige
presented in three steps. The first step is theldpment of a
discrete periodic TS model derived from the cordimi
nonlinear model of the section Il. Then, the desafnthe
associated observer which ensures the stabilityhef state
estimation error is exposed. The last of this seds dedicated
to the estimation of the individual In-cylinder airass flow
from the results of the previous observer.

A. Development of a discrete periodic TS model

For implementation in the embedded engine conthd,
estimation must be cast in discrete form. A disciieS model
in the crank angle domain is deduced from the previ
section. A simple Euler method is used for the rdigsation of
the continuous model. In order to take into accotire
nonlinearity of the model (13) and to preserve pieeiodicity
of the engine, a periodic Takagi-Sugeno (TS) fosradopted
which is written in this form [18, 19]:

X(6+1)=3h (2(9))(A*x(8) +&u(8) = AL\ (@) +Eu(9)
o (17)
¥(6) =30 (2(8)) (6} =G4

c=6modp.

with A , B andC are p-periodic matrixp is the period of
the model and “mod” stands for the modulo functidine
vectorsx(6) , z(6) and u(8) are respectively the state,
premise and control vectorz(e) is assumed to be
measurabler is the number of linear sub-models (or rules)
andh (2(9)) are a non linear functions satisfying the convex

sum propertyzr:h(z(é?))=1 and all of them are positive
i=1

h(z(8))=o0.
A way to derive such TS models is to use the skedalector
nonlinearity approach [19]. It consists in represen a

bounded nonlinearity, i.ef, < f, (< f, using two functions

verifying the convex sum property:
-1 (.

o3 w ()= 0 s

Considering the hypot_heses that the manifold teatpex

stays constant, one non linear function is choasettfe TS
model:

NL= 5, (1)lif (0)

Where J, (i) =1 wheni = j, otherwised, (i) =0.

From (17), (18) and (19), a two rules periodic TS
representation of the non-linear model (13) is gibg:

X(6+1) =31 (2(6)) A7X (6)+ B D ., (6)
r”‘a”m (9)} =CX(6)

Dthrm (e)

where the matrices!\(°) and B“ are given in appendix.

(18)

(19)

(20)

B. Design of the discrete TS periodic observer
A periodic fuzzy observer of the model can be cdersd as:



x(0+1) = A %(6)+ BYu(8) + S K} (v(6)-9(6)

A . (21)
y(6)= Cz(t)x(g)

The dynamic of the prediction error becomes:

X(6+1) = A - Sy KE,Cl) | x(1) = Af)x(6) (22)

The next Lemma gives a first result obtained usthg
following quadratic periodic Lyapunov function:

V (%) =x" (6)PY'%(6) with 10{0,...,p-3 . (23)
The prediction error igp-stable if the following inequality
holds along the trajectory [20]:

Vv, (%(8)) > Vi (%(8+12)) >... >V, (%(6+ p-1))

-~ (24)
>V, (%(6+p))
Consider the following quantity:
_P(Imodp) *
I ISR N (25)
AJ() ol

(I mo) ~ (1 mogp)
i Ci

W|th AEI) = Sj(l mOdp) A(l modp) _ K
= _S(I modp) _(

]

e(l +1) S(I mocb) )T + P((I +1) modp) and P(p) — P(O)

]
Theoreml [18]: The prediction error (22) is globally
asymptotically p-stable if there exits matricé¥) >0 , S(')
and K" , 10{0,..,p-3 and iC{...1} such that the
following LMI conditions (26) and (27) hold for all
10{0,...,p-3 and Y!) defined in (25):
Y, <0,i0{1... r}
2

_1Y.ii+Y.ij +in <Oi’jD
r_

(26)

(1.0} i#] @7)

In the particular case of the air flow model (2ahe
periodicity of the parameters{p:720°) is very large

compared to the sample angle of the m({d@lz 6°) , the LMI

problem (25) associated with the observation ef todel
can become quickly infeasible. In order to redute t
conservatism of stability conditions, the next leanis used to
design our observers which minimize the number bfl L
based on the application of the same observatiaims dor all
the sample angles betweénandl80 , the same thing for the
second, the third and the fourth phase.

—p(m (*)
Qij = S(m)A(m) _ K}m)C,(m) _S(m) —(S}m) )T + P(m) <0 (28)
—p(m (*)
Y] = T <0 (29
1 m) A(m m) ~(m m m m+
S A ~K MM g (5] + pir)

Let us definem is the number of sample of phasewith
i 0{1.....np} , np is the number of phaser(, = p).

Lemmal [18]:

The prediction error

(22)

is globally

asymptoticallyp-stable if there exits matricé&™ >0, S(m)

and K™

i0{1...,r} such that

and

holds for all

mO{m,....m,} with Y;" and Q' defined in (28) and (29)

Proof:

The proof is obvious because the LMI cdnd#g
provided by lemma 1 are included in Theorem 1.

C. Estimation of the Individual In-cylinder air mass flow

As was mentioned earlier, the estimation of indmaidIn-
cylinder air mass flow is deduced from the estioratof the

state variables3 () using equation(9).

V.
In this section, experimental results are givere €hgine used

EXPERIMENTAL RESULTS

in the experiments is an inline four-cylinder fostroke
gasoline engine. Considering the observer (21)thednodel
(20), the application of Lemma 1 gives the followigains:

K{L1} =

K{2,1} =

K31} =

K{4,1} =

[ 2.0430
635.0841
0
-2.1404
-1.9929
-2.2282

| 5.9784
[ 2.0115
635.0387
0
5.9874
-1.9495
-1.3772
| -1.9335

[ 1.9483
635.0631
0
-2.4646
5.9954
-2.3159
| -2.1991
[ 1.9634
635.0829
0
-1.3740
-2.0433
5.9308
| -1.8363

0

0
517.1135

0

0

0

0
0

0
517.1135
0

o © o o o

517.1135

o © o oo

0
517.1135
0

0
0
0

KiL2y =

K{2,2}=

KB,2} =

K{4,2}=

2.0374
635.0844
0
-2.1488
- 1.9929
- 2.2282
5.9784
-5.7189
651.1277
0
6.0646
- 2.0352
-1.3934

| - 1.9096

1.9390
635.0635
0
-2.4646
5.9954
- 2.3255

| - 2.1991
[ 1.9533

635.0833

0
0
517.1135
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The figures 1 to 3 present a trial for the throtédve input 0,005
given figure 1. The figure 2 and 3 gives respetyivine

observation of the variableB,, (6) , P, (6). D, (6) and

0

the estimation the cylinder 1 and 2 air mass flBer. the other 0005,
cylinders the results are approximately the sarhe. Maximal ; time (Seconds)
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V. CONCLUSION

This work presents a new method to estimate the in
cylinder air mass flow using a periodic non linefiscrete
observer. Future work will expand the model andiporate
the cylinder pressure, the phenomenon of induatéon, and
taking into account the overlap period between diiferent
cylinders. This work will lead to the development a
controller design for the air fuel ratio of eachiger.

. and the constant matrice€ =
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APPENDIX

Considering the cylinder firing sequence, with rassl of
generality, a firing order 1-2-3-4 is assumed, aegample,
the matrices fol0 < 8 <180 are given by:

(71

(8]

. ol

1 0 0 AT 00 (
A __ 8
[NexTaul} [1 NeXTaulJ 0 O O 0 0 [10]
0 0 [— Z J 0 000
Al = N, %7, [11]
a _
0 0 0 | = |u[f] 0 0
[Ne] [4] [12]
0 0 0 0 100
0 0 0 0 010
| o 0 0 0 o041 [
(o1 0 0 f 00d
ALL] [14]
4 __ 8
{’\LXTMJ [ ’\L,XT;,J 0 0 00QC [15]
0 0 [1— 4 j 0 000 [g
Al = N.X7,p
[17]
0 0 0 1{& H[f] 00 d
0 0 0 0 1040 [18]
0 0 0 0 01¢(
| o 0 0 0 001 [9
with 8, =6 is the sample angle of the moded| f, | means
that in equation (14) the non-linearityift (8)="F . o

respectively fori[ f .

010000
001000

i
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