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In transportation cyber-physical-systems (T-CPS), vehicle-to-vehicle (V2V) communications play an important role
in the coordination between individual vehicles as well as between vehicles and the roadside infrastructures, and engine
cylinder pressure is significant for engine diagnosis on-line and torque control within the information exchange process
under V2V communications. However, the parametric uncertainties caused from measurement noise in T-CPS lead to the
dynamic performance deterioration of the engine cylinder pressure estimation. Considering the high accuracy requirement
under V2V communications, a high gain observer based on the engine dynamic model is designed to improve the accuracy
of pressure estimation. Then, the analyses about convergence, converge speed and stability of the corresponding error
model are conducted using the Laplace and Lyapunov method. Finally, results from combination of Simulink with GT-
Power based numerical experiments and comparisons demonstrate the effectiveness of the proposed approach with respect

to robustness and accuracy.
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1. Introduction

Transportation cyber-physical systems (T-CPS) are en-
visioned to achieve full coordination and optimization of
transportation systems via the increased interaction and feed-
back between the transportation cyber systems and transporta-
tion physical systems.!!=! Wherein, vehicle-to-vehicle (V2V)
communications play an important role in the coordination be-
tween individual vehicles as well as between vehicles and the
roadside infrastructures.[®'!] In this context, the V2V-based
communication of information on the engine cylinder pressure
of the preceding vehicles enables a following vehicle in that
platoon to react autonomously to avoid a collision. In addi-
tion, information of engine cylinder pressure can be used not
only as a feedback signal of closed-loop combustion control
for the engine control but also as a cylinder misfire detection
signal for engine online fault diagnosis.!!>"'®! Therefore, ac-
curate estimation of engine cylinder pressure is of importance
within the information exchange process under V2V commu-
nications.

This study is motivated by the need for a more accurate
and robust observer so that the safety of vehicular traffic flow
can be improved under a stimulus through V2V communica-
tions related to the engine cylinder pressure. To the best of
our knowledge, the existing approaches to obtain information
about the engine cylinder pressure can be classified roughly
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as a direct or an indirect approach. From the direct approach
perspective, a variety of high-precision cylinder pressure sen-
sors have been developed. However, the availability of sensors
is often limited by their costs, durability, and the installation
space in the vehicular engine. Consequently, it is difficult in
reality to achieve the control or diagnosis of engine state be-
cause of the way that the sensors are installed directly.!'®!7]
Therefore, the indirect approach, which can obtain an esti-
mation of cylinder pressure via information about the engine,
becomes more attractive because of its low cost and simple
structure.

In general, the indirect ways to achieve the cylinder pres-
sure estimation can be categorized as: (i) the Kalman-filter,
(i1) cepstrum algorithm, and (iii) sliding mode technique. On
the Kalman-filter aspect, Durrra et al.l'8 and Ozawa et al.l"!
proposed an engine model represented by a time varying linear
fist-order differential equation, and the cylinder pressure was
reconstructed through a Kalman-filter-based deconvolution al-
gorithm. However, the reconstruction is carried out via the
feedforward method, which can deteriorate the accuracy of es-
timation due to the noise in actual operation. On the cepstrum
aspect, Moro et al.'**! and Hamedovic et al.l*!! proposed a
cepstrum algorithm to reconstruct the cylinder pressure using
the vibration signals of engine. However, it is essentially a
kind of off-line algorithm and is not suitable for on-board real-
time diagnosis. In addition, the influence of road conditions
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and the vibration of the engine accessories are significant for
the accuracy of pressure estimation. On the sliding mode tech-
nique, the sliding mode observer (SMO) for cylinder pressure
estimation has received wide attention because of its good per-
formance, such as robustness, convergence and accuracy.??!
For example, Veluvolu et al. (231 and Shiao et al.**! estimated
the cylinder pressure using a sliding observer, which could
correct the error automatically based on the engine speed er-
ror. However, the performance of the observer mainly depends
on the accuracy of the engine model, which can be affected
by parametric uncertainties, such as efficiency parameter and
form factor arising from measurement noise. %!

The literature review illustrates that the challenge of esti-
mation accuracy for engine cylinder pressure arises from the
parametric uncertainties. Hence, motivated by the V2V in T-
CPS context, this study seeks to reduce the influence of para-
metric uncertainties on the estimation accuracy for effective
engine cylinder pressure. Specifically, a high gain observer
based on the engine dynamic model is designed with the con-
sideration of its inherent robustness properties, as well as the
ability to reject model uncertainties.!>3% Then, the analy-
ses of convergence, converge speed and stability of the cor-
responding error model are performed using the Laplace and
Lyapunov method. Finally, numerical experiments are carried
out to demonstrate the effectiveness of the proposed approach.

The rest of the paper is organized as follows. Section 2
designs the high gain observer based on the engine dynamic
model and conducts the analyses of convergence, converge
speed, and stability of the corresponding error model. Sec-
tion 3 performs the simulink-based numerical experiments and
compares the performance of the proposed method with those
of the second-order SMO and the traditional SMO. The final
section concludes this study.

2. High-gain observer design
2.1. Engine dynamic model

Based on Refs. [16] and [17], a single zone thermody-
namics combustion model is used to describe the dynamics of
cylinder pressure, where the in-cylinder charge is assumed to
be homogeneous and the pressure, temperature, and cylinder
charge are uniform within the cylinder. Then, the engine pres-

sure dynamics equation can be written as follows: 6]

p=""0 (0000 - Tvp, m
where p, 7, Ocn, and V are represented by the cylinder pres-
sure (Pa), the polytropic coefficient, the combustion heat re-
lease rate (kW), and total cylinder volume (m?), respectively,
and Qy is the heat transfer rate which can be treated as part of
Och, i.€., On = 0QOcp, o is the heat loss coefficient, which is

generally gathered near 0.82.[14]

The term Q, can be expressed in terms of the lower heat-
ing value Qryv (kJ/kg) and the burning rate of the fuel r,
(kg/s), e 1617

Och = merinQLuv, 2)

where Qryy can be obtained in fuel table, my (kg) is the in-
jected fuel mass, and

0_0 m+1
mb—l—exp<—a<A90> >, 3)

where a and m represent the efficiency parameter and the form
factor, respectively, 0, 6y, and A8 are crank angle (°) , initial
angle of combustion (°), and the total angle during the com-
bustion duration (°).

Moreover, the total cylinder volume V in Eq. (1) consists
of the combustion chamber volume V, and the cylinder work

volume V; , i.e.,[16:17]

V=V+V, “

where VC:77:D2S/(4 (r—1)),Vs=Apyp,and r, D, S, and A, are
the compression ratio, the cylinder diameter (m), the displace-
ment of piston (m) and the piston cross-sectional area (m?),
respectively, and y, is the piston position (m), which is given

py!16.17]
yp=L+R—(Rcos6+y/L?— (Rsin6)?),
5
. . )
P 4

where L and R represent the length of connecting rod (m) and
the crank radius (m), respectively. Therefore, the cylinder vol-
ume rate can be written as

V= Vit Ve = Apyyp. ©)

2.2. Observer design

In order to design the observer, the state of engine cylin-
der pressure can be defined as

z=[n ] =[ppl" (7)
Then, the state-space representation of Eq. (1) can be
obtained 3!
X1 =x2 = @1(x,u),

_r
vz
where @2 (x,u) Lipschitz condition, i.e.,

l|@2(x,u) — @2(%,u)|| < Alx—2Z%|, and A > 0 is the Lipschitz
constants. Under steady-state conditions, the engine states and

v ®)

) -1 .
X szl—L(]_a)Qch:%(xvu)»

satisfies the

parameters are nonzero, so the Jacobi matrix of Eq. (8) is as

follows:
dpr I o1
dx; dx
J — — X 2 s 9
¢, s (ZV) 0 ®
dx1 9 v
X1 X2
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when the piston moves to top dead center (TDC) and bottom
dead center (BDC), V = 0, which means r(J) = 1. Analy-
sis has found that the cylinder pressure is observable at any
position besides TDC and BDC where r(J) = 1.2
According to Eq. (8), a high gain observer is proposed for
cylinder pressure estimation, i.e.,
{)Aﬂ =% +h(x) —%),

. (10)
Xy = (pz()?,u) +h2()€1 —)?1),

where & = [£] )?z]T represents the observer states and the ob-
server gains /1 and h; are designed in the following analysis to
ensure that the state error is small as desired. The state error is
defined as the error between the actual state and the estimation
state, i.e., ¥ = x —X. Then, the error model is given based on

Egs. (8) and (10)
{fl =% —hi,
(11)

fz = 5()?, u) — hyXq,
where 6(%,u) = @2(x,u) — @2 (£, u).

2.3. Convergence analysis

For the designed observer (see Eq. (10)), the convergence
of estimation errors should be guaranteed, which motivates us
to conduct the Laplace transformation of the error model (11)
and check whether it is robust to the parametric uncertainties
arising from the measurement noise. Based on Egs. (10) and
(11), two kinds of situations are considered as follows.

On the one hand, the error model (11) is addressed under
the assumption that the engine dynamic model (1) is a precise
description of the object, that is to say, d(-) is not considered
in Eq. (11), and we obtain

£ = Ao, (12)

where Ay = [_Zl (1)] .
—ny

Based on Eq. (12), the observer states & = [£] £]" will
approach to the state 2 = [x; x,]T in finite time if A is a Hur-
witz matrix. Therefore, the gain h = [y hz}T needs to ensure
that Ay is a Hurwitz matrix, which means the eigenvalues of
Ao are negative.

On the other hand, it is necessary to take the influence of
6(+) to ¥ into consideration since the fluctuation of the param-
eters a and m will lead to inevitable errors. Therefore, consid-
ering the presence of &(-), we have

s¥| = —h X + %,
(13)
X, = —hy%1 + 0,
that is
X =x1(s+h),
=) »
57K = —h1sX] + X5 = —h1s%] — hyX1 + 6.

The transfer function of Eq. (14) is

_ )Z](S) _ 1
G6) =55 = T st
B(s)  xi(s) s+h )
J— 2 — -_————
G06) =505 = 5 C M T S
In terms of Gyo(s), we obtain
. 1
A(Go(jw)) = ‘—a)z+hua)+hz
- 1 (16)

VU= 0?2+ e

If h; and hy are large enough, i.e., iy > 1, hp > 1, then
A(Gio(jw)) — 0 and £ — 0 can hold.
Similarly, according to Gy (s), we have

h+jo
-0+ hjo+h

_ \/ hite® 17
(hy — 0?)2 + W w?
If iy > hy, then A(Gyo(jw)) — 0 and %, — 0O is also guaran-
teed.

Based on the foregoing discussion, considering the com-
bination of the condition #; > 1, hy > 1 with the condition
ho > hy , if hy > hy > 1, we will have & = [§] %]T — 0,
which validates the convergence of the error model (11).

Furthermore, the transfer function of Eq. (15) can be

A(G(jo)) = \

rewritten as

Gio(s) X 1 1
s) = === !
Go(s) [Gzo(s) § S24his+hy | s+h (18)
Let
(04 (0%)
h] :?) h2:§7 (19)

where o, ap € R, and o, ap > 0, and 0 < € < 1 which im-
plies hp > hy > 1.
By substituting Eq. (19) into Eq. (18), we can obtain

Go(s) 1 1a
o\s) = o 93 “
24—+ [t
€ €
€ €
= . 20
(es)2+ares+ o |:8S+al:| 20)

Hence, we know that Gy(s) — 0 if € — 0. This means that
the designed observer is robust to the parametric uncertainties
arising from the measurement noise.

Remark 1 According to Eqgs. (18)—(20), we can draw a
conclusion that error model of the proposed observer is con-
vergent towards zero if the gain parameters are designed rea-
sonably, especially when the condition A, > h; > 1 is satis-
fied. Therefore, the rejection of parametric uncertainties can
be achieved. In other words, the proposed observer is robust
to parametric uncertainties.
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2.4. Convergent speed analysis
Actually, the error model (11) can be rewritten as
¥=A%, 21
where
—hy 1
Al = 2\ 2 .
! (zV) —hy 0
\%
The solution of Eq. (21) is
%(t) = eMe(0). (22)
Hence
I£(@)]| = [|e*e(0)]- (23)

According to the convergence analysis, we know that A is sta-
ble. So 3p,¢ >0and p,¢ €R, s.t. |[e?’|| < pe~s which
implies if 7 — e, then ||e*1”e (0)|| — 0. Note that the conver-
gence time is determined by A;. Thus we can adjust the gains
hy and hy to change the convergent speed.

2.5. Stability analysis

According to the errors model (11), we choose the Lya-
punov function candidate as

1, 1
E= Ex% + Exg. (24)

Taking the time derivative of the Lyapunov function gives
E =% +%%x0. 25)
Based on Eq. (11), the following equation is derived:
E = %1% — h])f% + 6% — X152

_ Y o\2 I )

= VV +1—h2 xle—h]x]. (26)
In terms of Eq. (26), E < 0if h > 0 and hy= (yV/V)* +1 are
satisfied. Hence, the designed gains /1 and /; can stabilize the
proposed observer (10) based on the Lyapunove theory.

Remark 2 Based on Egs. (24)-(26), it can be seen that
the stability of the proposed observer depends on the gains A

(onecyl.dat)
engine 1

GT-SUITE 6.1—>I—

Lo« ]

clock to workspace

3600

v

(000 ol

S-Function 2

and hy. If hy and hy are designed reasonably, the stability is
guaranteed, and which also means the designed observer can
estimate the state variables steadily.

Remark 3 The analyses of Sections 2.3-2.5 are con-
ducted based on the observer error model (11). Section 2.3,
which focuses on convergence, validates that the proposed
observer (10) can reject the parametric uncertainties, which
means the observer (10) is robust. Section 2.4, which focuses
on the convergent speed, verifies that the convergent speed
can be adjusted by changing the gains /& and h;. Section
2.5, which focuses on stability, indicates that the proposed ob-
server (10) can estimate the cylinder pressure with stability,
which also infers that the designed observer (10) is stable.

3. Numerical experiments

In order to demonstrate the performance of the proposed
high gain observer, we perform the simulations with an engine
speed of 3600 (r/min). The specific steps are as follows.

Step 1 Build the cylinder engine model using GT-Power,
and let the engine work under a large and small load;

Step 2 Incorporate Matlab/Simulink platform with the
cylinder pressure model and the high gain observer based on
Egs. (1), (8), (10), and so on;

Step 3 Combine GT-Power with Simulink; and,

Step 4 Test gains /| and h; in selected ranges and find
the reasonable values to make the errors stable and small.

The parameters associated with the engine are set as:
Y= 1.085, 6p = —20°, A@ = 40°. The whole Simulink main
program is shown in Fig. 1 and the engine specifications are
listed in Table 1.

The engine cylinder pressure is estimated from compres-
sion stroke to exhaust stroke and the estimation error is defined
as e = |(p—p)/p| x 100%. Firstly, the simulation is carried
out under small (with the throttle opening angle 5°) and large
load (with the throttle opening angle 75°) conditions with the
gain parameters i; and hy based on Egs. (19) and (26), and
with parameters a = 5, m = 3, respectively. The results are
shown in Figs. 2—4.

to workspace 1
S-Function 1 Worksp

Fig. 1. Simulink main program.
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Table 1. Engine specifications.

Basic parameter Specific configuration

Intake type natural aspiration
Number of cylinders 1
Cylinder diameter D/m 0.1
Displacement of piston S/m 0.1
Length of connecting rod L/m 0.22
Crank radius R/m 0.05
Capacity/L 0.876

-p under a large load
-- observed p under a large lgad
— p under a small load

-- observed p under a smal) loa

Cylinder pressure p/10° Pa
w0

—100 —50 0 50 100 150
Crank angle/(°)

0
—150

Fig. 2. (color online) Observed cylinder pressure and simulated “actual”
pressure under large and small loads.

From Fig. 2 it can be seen that the cylinder pressures esti-
mated by the proposed observer generally approximate to the
simulated “actual” pressure under large and small loads, re-
spectively. In addition, from Fig. 3, we know that estimation
errors start to increase before the piston approaches close to
TDC and to decrease when the piston takes away from the
TDC. This happens because the system states are unobserv-
able at TDC. However, the proposed high gain observer can
also keep the estimation error under about 20%.

25

—— observed error under a large load
—— observed error under a small load

20 f
15} .

10 1

Error/%

5t 4

0

—100 =50 0 50 100 150
Crank angle/(°)

-5
—150

Fig. 3. (color online) Estimation error under large and small loads.

On the other hand, the comparisons of accuracy around
the TDC with the second-order SMO in Ref. [17] and the tradi-
tional SMO in Ref. [24] are conducted, and the corresponding
observation errors are listed in Table 2.

As shown in Table 2, comparatively speaking, the errors
for high pressure and low pressure in Refs. [17] and [24] are
larger than that in the proposed high gain observer around the
TDC region. To account for this phenomenon, a reasonable

explanation may be that the second-order SMO in Ref. [17]
is unobservable around the TDC region, which results in the
pressure error determined mainly by the model error; while
the chattering of the observer and the parameters errors in the
traditional SMO in Ref. [24] may lead to the error increase.
In other words, it shows that the proposed high gain observer
has a better ability to avoid the uncertainties from the model.
Therefore, the accuracy of the cylinder pressure estimation in
proposed high gain observer is guaranteed, even around the
TDC regions.

Table 2. Error comparison.

Error under Error under

Method a large load a small load
Second-order SMO in Ref. [17] < 30% <20%
Traditional SMO in Ref. [24] < 40% < 50%
High gain observer < 14.6% < 19.8%

Furthermore, in order to verify the robustness to paramet-
ric uncertainties, another simulation is carried out with param-
eters a = 3, m = 2, and the result is shown in Fig. 4. Figure 4
shows that the accuracy of the designed observer is higher
(about 19.8%) than that of the traditional SMO in Ref. [24]
(about 30%) even the parameters are changed. That is to say,
the robustness of the high gain observer is better than that in
Ref. [24].

Ju—
N

= pwitha=5 m=3

| observed p with a =25, i
T m=3
— pwitha=3, m=2
8F. 1

. observed p with a =3, JJ’
m=2

9150 —100 =50 0 50 100 150

Cylinder pressure p/10° Pa

Crank angle/(°)

Fig. 4. (color online) Observed cylinder pressure and simulated actual
pressure under a small load with different parameter values.

According to the above discussion, we can draw a conclu-
sion that the proposed high gain observer can not only reject
the parametric uncertainties but also has a better robustness
and higher accuracy of the cylinder pressure estimation.

4. Conclusion

To ensure the reliability and accuracy of the cylinder pres-
sure within information exchange under the V2V communi-
cations in T-CPS, a high gain observer is designed to reject
the parametric uncertainties and improve the estimation accu-
racy. After the theoretical analyses about convergence, con-
verge speed and stability of the corresponding error model,
the proposed observer is proved to be robust and stable and
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the convergent speed can be adjusted with the gains #; and

hy. Finally, numerical experiments and comparisons with the

second-order SMO and the traditional SMO are performed.

The results verify the effectiveness of the proposed approach

with respect to robustness and accuracy.
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