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Abstract

The performance characteristics of engine are the most important input data in simulating vehicle dynamics.
Building the performance of modern diesel engines (using Common Rail fuel injection system with a variable
geometry turbocharger and exhaust gas recirculation...) is more difficult and complex than traditional diesel
engines. This paper presents results building the Mean Value Engine Model (MVEM) of modern diesel engine
in MATLAB/Simulink with input data defined by measuring on testing stand and using weighted least-squares
optimization. This model is used in model simulating vehicles dynamics using modern diesel engine.

Keywords: Performance of engine; modern diesel engine; mean value engine model; vehicle dynamics.
Tom tat

Khi mé phéng doéng lwc hoc ctia 6 td, dac tinh téc dd ctia dong co la dir liéu dau vao quan trong nhét. Viéc xay
dwng dac tinh tbc dd clia dong co diesel hién dai (st dung hé théng phun nhién liéu kiéu common rail v&i hé
thdng tang ap két hop véi hé thdng luan hdi khi thai...) 1a kho khan va phirc tap hon so véi dong co diesel kiéu
cii. Bai bao nay trinh bay két qua xay dwng mé hinh déng co gia tri trung binh (MVEM) ctia loai dong co diesel
hién dai bdng phan mém MATLAB/Simulink v&i cac div liéu dau vao x ly sé liéu thir nghiém bang phwong phap
binh phwong tbi thiu. M6 hinh nay duoc siv dung trong viéc mé phdng déng lwc hoc cla 6 t6 str dung déng co

diesel hién dai.

Tir khéa: Ddc tinh téc do; déng co diesel hién dai; mé hinh déng co gid trj trung binh; déng luc hoc ctia 6 té.

1. INTRODUCTION

In the study of linear automotive dynamics, the per-
formance characteristics of engine is a very important
input. With some studies according to traditional meth-
ods, speed characteristics are determined experimen-
tally [6], or use simple engine model (part-load char-
acteristics are interpolated linearly from the full-load
characteristic of engine) [2], [4], [5]). This approach is
only suitable for diesel engines using traditional me-
chanical fuel injection system (the amount of fuel sup-
plied to a cycle g, mainly depends on the position
of the accelerator pedal). For new generation diesel
engines using Common Rail fuel injection system, the
Goyete is calculated and controlled by the ECU accord-
ing to the operating mode and conditions (signals from
sensors: accelerator pedal position, engine speed,
etc.) intake air temperature...). Thus, the speed char-
acteristics of new-generation diesel engines will differ
greatly and the local characteristics cannot be deter-
mined by the method of linear interpolation from full-
load characteristic as with traditional diesel engines.

Reviewer: 1. Assoc. Prof. Dr. Tran Van Nhu
2. Assoc. Prof. Dr. Le Van Quynh

In recent years, the use of the Mean Value Engine
Model (MVEM) in the simulation of the engine using
electronic control systems has begun to be studied, [9,
10,12]. MVEM is built on the basis of the conservation
laws of mass and energy, the laws of thermodynamics,
the value of the parameters in the model is determined
by averaging in one or several work cycles. Therefore,
the computation time using MVEM is much faster than
the engine model with crankshaft angle while ensur-
ing accuracy, [9]. In addition, MVEM also takes into
account the technological factors of the engine, fuel
properties. To get the MVEM model for a particular en-
gine it is necessary to define many input parameters
experimentally.

The paper presents the results of building D4CB 2.5
TCI-A diesel engine model in MATLAB/Simulink soft-
ware with the main input parameters determined by
experiment on the engine test bed and using weighted
least-squares optimization.

2. THEORETICAL BASIS

The model of Common Rail-type diesel engine is
mapped as shown in Figure 1, [12] with main blocks in-
cluding: CR type fuel injection system, engine cylinder,
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intake pipe, exhaust pipe, turbocharger and exhaust
gas recirculation system. The parameters in the mod-
el (Figure 1) are denoted as follows: W, W, W, are
the air flow through the compressor, turbine and valve
EGR, [kg/s] respectively; U and u,, are the openings
of valve VGT and valve EGR, [%] respectively; Wei
and W, are the flow rates of gas entering and leaving
the cylinder, [kg/s]; p,., p,,, are the pressure of intake
pipe and waste pipe, respectively, [Pa]; X and X
are respectively the oxygen content in the intake and
exhaust gases, [%]; 9oy [mg/cycle]; Gais % gas, [%];
nis the engine speed, [rpm]; A . is the smallest lamb-
da coefficient to limit the amount of fuel injection, [-];

Compressor Pon, Xoom

e Intake manifold

Wegr

Ga n

AOim
Common rail "

Diesel injection

EGR ‘ WM,

=—-{ Exhaust manifold

Turbine Dem, Xowm

Figure 1. Engine model block diagram diesel using type
CR,[12]

Torque Me [Nm] of the engine is determined by the
formula, [10]:

M,=M,-M,-M,
M= gct'loiﬁ'i'qLHVﬂi
' 4
V
Mp :é(pem _pim)

Vd 5
—£10°(c
in (cp

no, n
M, = —) +c,,——+
1 000 T o0 T

Where:
M:; is the indicator torque, [Nm];

Mp is the torque of the pump loss of the mé to, [Nm];
M., is the mémen of friction loss, [Nm];

i is the number of cylinders;

q,,,, is the low calorific value of the fuel, [J/kg];
V, is the working volume, [m?];

C;» C,» C,, are friction loss coefficients determined ex-
perimentally. Indicator performance ), is determined by
the formula:

N, =(c; +cn+ ci3n2 YA =, 97) (2)
Where:
. Cy C,, C, Csare the coefficients determined by ex-

periment;
¢ is the equivalent coefficient.
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1
¢_Z @)

2.1. Determine intake air and exhaust gas pressure

Applying the conservation of mass and the ideal gas
state, we have equations to determine the p, intake
and the p, exhaust gas pressure, [11], [12]:

R,T,

ilyim = M(I/Vc + Wegr - Wei)

dt im (4)
d RT,

- —_ecemqy _W _W

d[ p em Vem ( eo t egr )
Where:

T.. T, the intake and exhaust temperature respective-

ly, [K], determined by experiment;
V_,V__isthe volume of the intake and discharge pipes,

im’ " em

respectively, [m®], determined by experiment;
R, R, ideal gas constants of the intake and exhaust
gases, respectively, [J/kg.K]. Air flow through the com-
pressor W, through the turbine W, and through the
EGR system, W,  determined by experiment.

2.2. Determine the amount of air entering and exit-
ing the cylinder
Total intake air flow into Wei cylinder is determined by
the formula, [12]:

_ nvpimn Vd (5)
“ 120RT,
Where:

n, is the inlet coefficient, [-], determined by formula (6),
the coefficients cv1, cv2, cv3 are determined experi-
mentally;

77\1 = cvl pim +cv2\}n +Cv3 (6)
Amount of fuel supplied to the cylinder W, is determi-
ned by the formula:

107
W,=——
7120
According to the law of conservation of mass, mass flow
W, out of the cylinder is determined by the formula:

Weo = Wei + Wf' (8)

81 (7)

2.3. Determination of oxygen content

Oxygen content in X, intake air, X, exhaust gas is
calculated by the formula, [12]:

d RT
el = a’im_( x5 - X W
dt Oim V. ( Oem Olm) egr
+(XOC‘ _XOim)VVc (9)
d RT,,
. XOem = (XOe - XOem )WEU
dt em’ em
Where:

X,. is the oxygen content passing through the com-

pressor (X, =20.9 + 21%);
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X, is the oxygen content in the exhaust gas, determi-

ned by the formula, [12]:

WX oin =W (O/F)s
XOe = W ‘

The oxygen/fuel ratio A, is determined by the formu-
la, [12]:

W X, .
ﬂ/o — ei“™ Oim (11)
W,(O/F)s
Where:

(O/F)s is the percentage of oxygen required to comple-
tely burn the fuel in the combustion chamber, calcula-
ted from the ratio (A/F)s.

(10)

2.4. Determine the amount of fuel supplied in a cycle

The amount of fuel supplied for a g, cycle is deter-
mined by the formula, [12]:

max )

. s
gcycle - mln(gcycle ’ gcycle

Where:

(12)

gzyde is the calculated spray quantity required by the
operating mode, [mg/ct]; is the limited amount of spray
to avoid black smoke, [mg/ct]; is calculated according
to the formula, [12]:

s 2
8u _ClMyc +C2(pem _p[n1)+c3ne

+c,n, +c; (13)

max __ IZOWeiXOim
“ 10 Ay, (O F), in

Where:

(14)

'O min

is the required torque (Target Torque) determined by the
ECU of the engine according to the % throttle signal and
the engine speed n [rpm]. For CR-type, “% throttle” is
the % of the voltage value of the accelerator pedal posi-
tion sensor sent to the ECU compared to the maximum
design voltage).

3. DIESEL ENGINE MODEL
3.1. Research subjects

2.5 TCI-A diesel engine (using CR-type, VGT-type
turbocharger, high-pressure EGR system; working
volume: 2497 cm?; compression ratio: 17.6; design
rated power is 106 kW at n = 3800 rpm; maximum
design torque is 350 Nm at n = 2500 rpm), [3] installed
on Hyundai Starex.

3.2. Test equipment

Experimental research was conducted at the Engine
Laboratory of the Institute of Dynamic Mechanics/
Hanoi University of Science and Technology, [6] and
the engine test platform of the University of Transport
Technology (Figure 2). The mé to is tested in steady
mode with different operating modes (load and speed)

to determine in detail the set of input parameters for
the MVEM model: mé to speed; useful torque/power;
temperature, pressure, intake air flow; exhaust gas
temperature and pressure; air flow through the EGR
valve; fuel consumption;...

BOBCAT

PC
avieLy] [ TsTo ;
‘ o H 2 Hnocwg}:‘ FEM H K57

D4CB 2.5TCI-A

Figure 2. Layout diagram of engine test platform, [3]

Alpha 160- brake test; AVL-553S-200-coolant tem-
perature control system; AVL PLU 160-fuel consump-
tion meter; Bobcat: automation system of measuring
equipment and test platform; I/O Cube- junction box for
signals from sensors; FEM- signal converter; K57-pan-
el; Throttle pedal - The accelerator pedal; FTIR- emis-
sion analyzer; PC-computer; Testo 350 - Wegr mea-
suring device; GScan- Diagnostic device and read
data in the ECU.

3.3. Results of determining input parameters
3.3.1. Directly determined parameters

The parameters are entered directly into the MVEM
model (in the form of a lookup table) including: required
torque, intake and exhaust gas temperature, air flow
through turbine and compressor, air flow through EGR
valve. These tables (Figures 3a, b, ¢, d, e, g) have 2 in-
put parameters: engine speed and required torque, only
the required torque depends on the position of the ac-
celerator pedal and the required torque. engine speed.

n, [rpm]

1800 " 1m

1000
n [rpm] E Myc, [Nm]

Figure 3b. Gas flow through turbine

30 Tap chi Nghién ctru khoa hoc, Truong Pai hoc Sao Do, 56 1 (76) 2022



LIEN NGANH CO KHI - DONG LUC

1000 1500 2000 2500 3000 3500

4b. Linear interpolation
Figure 4. Comparison of speed characteristics of 2.5
TCI-A engine determined experimentally and by linear
interpolation method

Haye, [Nm]

Figure 3c. Air flow through the compressor

3.3.2. Parameters determined by the method of
least squares

To build the MVEM model, it is necessary to determine
the coefficients in the equations for determining the
loading coefficient n  (Equation 6), the indicator effi-

o ciency n, (Equation 2), the friction loss M, (Equation 2).
ol ’ el process 1), the amount of fuel supplied for one cycle
of 9eyee (equation 13). With the experimental data ob-
tained, the authors used the method of least squares
[11] to determine these coefficients, with the results:
¢c,, =0,0023 c, =-0,0027; ¢, = 0,0068 c, =037 c,
=0,382*10% ¢, =-0,39*10% ¢, =0,065; c,=0,412; c,, =
-0,3; ¢, =2,296; ¢,,=-1,223; ¢, = 0,16, ¢,= 0,83*10°% c,
=0,2*10°% ¢,= 0,212*10% ¢, = -0,99*10>.

3.4. Building the MVEM model in MATLAB/Simulink

e, ) With the theoretical basis presented in Section 2 and
Figure 3e. Intake air temperature the results of determining input parameters (item 3),
' the MVEM model of the 2.5 TCI-A engine built in MAT-
LAB/Simulink is presented in Figure 5.

100

n, [rpm] 00

= (% =

aEI
=N i)
A

T

g; E ]
5
n, [rpm] % Mye, [Hm] . .

Figure 3g. The input data is determined directly igkgh I

IS g I

Figure 4 presents the results of comparing the speed gg % ‘
characteristics of the 2.5 TCI-A engine determined ®5, |
by experiment (Figure 4a) and by linear interpolation . ' gc | | SpE S
method (from the characteristics outside of the exper- gw’:é 4t e % g2

imental measurement) (Figure 4b). As we can see, gLt § ]

there is a huge difference in the local speed charac-
teristics and so using the linear interpolation speed
characteristic will greatly affect the survey results of
the vehicle’s acceleration characteristics.

deu fuong 4

Me [Nm]

Ry Buong HI

()
Figure 5. MVEM model of 2.5 TCI-A engine in MATLAB/
4a. Experimental measurement Simulink
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In the model (Figure 5), there are two input signals,
which are throttle signal (control from driver) and en-
gine speed n; An output signal is the useful torque Me.
The engine speed is determined through the balance
equation of dynamics at the flywheel of the engine.

4. MVEM SIMULATION RESULTS AND DISCUSSION

The results of the g calculation and the speed char-
acteristics of the 2.5 TCI-A engine using the MVEM
model are shown in Figure 6. It can be seen that the
calculated speed characteristics (Figure 6b) have a
shape that closely matches the characteristics. ex-
perimental speed (Figure 6a). In addition, there is a
similarity in the changing laws of 9oyote and Me of the
engine.

1)
o

w
(=1

e

=]

0

get [mg/et]

3
2
1

s o

L
‘-
(- el ™
0

)
1001 1500 2000 2500 3000 3500

6a) Fuel injection volume per cycle g

cycle

1000 1500 2000 2500 3000 3500

n [vg/ph]
6b) M6 to torque Me
Figure 6. Calculation results of LS. Me of 2.5 TCI-A
engine using MVEM model

The sum of errors between Me calculated by MVEM
model and experimental measurement at operating
modes is presented in Table 1. The maximum error
of Me between calculated and experimental results
is 6.16% and results the calculated results tend to be
higher than the experimental results. The maximum
error in 9eyoie between calculation and experimental
measurement is 6.5% (at 40% throttle mode, n = 2600
rom). The MVEM block of the 2.5 TCI-A engine that
has been built will be a component block in the linear
dynamic’s simulation model of the Hyundai Starex car
[7], allowing to study the vehicle’s acceleration process
closer to reality. (Determine in detail and accurately the
change of Me according to the change of the driver’s
accelerator pedal position...).

Table 1. Summary of error in Me between calculation and
experimental measurement (%)

n, Signal from accelerator sensor, [%]
AL 10 20 30 40 50
1000 1,79 1,24 | 1,87 1,87 1,87
1200 2,64 0,91 | 2,82 3,27 3,27
1400 0,18 0,71 | 3,25 3,65 3,65
1600 - 2,72 | 3,74 2,93 4,10
1800 - 441 | 1,27 6,16 3,96
2000 - 3,35 | 2,53 4,00 4,95
2200 - - 1,64 4,69 3,84
2400 - - 3,27 5,36 4,17
2500 - - 5,33 3,38 4,06
2600 - - -1,46 1,92 4,63
2800 - - 3,29 4,18 4,93
3000 - - 2,00 2,00 2,21
3500 - - 2,40 3,33 3,00

n, Signal from accelerator sensor, [%]
rpm 60 70 80 90 100
1000 1,87 1,87 | 1,87 1,87 1,87
1200 3,27 3,27 | 3,27 3,27 3,27
1400 3,65 3,65 | 3,65 3,65 3,65
1600 3,95 3,74 | 3,54 3,47 3,47
1800 2,76 1,55 | -0,53 | -1,62 -1,62
2000 4,08 3,90 | 2,27 -0,62 -2,00
2200 4,76 6,00 | 5,49 2,80 2,38
2400 2,43 5,51 | 6,00 5,13 4,73
2500 4,25 1,04 | 1,52 3,77 4,24
2600 4,62 1,18 | 1,90 4,58 2,91
2800 3,52 3,64 | 517 4,73 5,26
3000 2,65 2,52 | 2,17 3,04 2,85
3500 3,57 2,78 | 3,50 2,73 3,48

5. CONCLUSION

Theoretical analysis and building MVEM model of 2.5
TCI-A diesel engine based on experimental data set on
engine test platform. The MVEM model takes into ac-
count the technological characteristics of the engine,
the properties of the fuel used. The construction model
can be used to study the dynamics of Hyundai Starex
vehicles.
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