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Formulation of a task to control of harmful exhaust emissions from compression
ignition engine

This paper presents a possibility of control a harmful exhaust emissions from compression ignition engine based on computationally
efficiently model of the working cycle a compression ignition engine. Parameters of the model are identified on the basis of experimental
measurements carried out for a CI engine with Common Rail system. In this study is considered the control task aimed at minimization of

nitrogen oxides emission for a fixed operating point of the engine.
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1. Introduction

Observed in the years 1980s significant increase in
number of road going vehicles equipped with compression
ignition engines and resulting from it increased negative
environmental impact of harmful exhaust emissions has
resulted in commenced research work on methods of re-
striction of harmful components from exhaust gases gener-
ated by the compression ignition engines, and at the same
time on a possibilities of obtaining assumed operational
parameters of the engines.

Operational parameters of the engines, including engine
efficiency, thermal and mechanical loading of its compo-
nents, and emission of harmful components of exhaust
gases are determined by process of heat release, which
depends mainly on control parameters of the engine. Intro-
duction of microprocessor technologies and digital methods
to controlling technical processes, as well as development
of accumulative fuel supply systems of Common Rail type
have created a new opportunities in controlling area of
injection system operation in compression ignition engines,
and thus controlling processes of fuel injection and heat
release [5]. Modern supercharged compression ignition
engines are equipped with complex systems to controlling
of fuel dose and course of fuel injection, pressure of the
fuel in high-pressure part of the system, injection advance
angle, recirculation rate of exhaust gases, temperature and
pressure of the charge in the inlet manifold and swirl of the
air flowing into the cylinder. To controlling temperature
and pressure of the charge are currently used turbo com-
pressors with changing geometry of turbine, coolers of
supercharged air and coolers in recirculation circuits of
exhaust gases. As complementary or alternative solution is
also used a throttling on the inlet system. This is accom-
plished by installation of air throttle in the engine inlet
system, or installation of group as such throttles.

Introduction of electronically controlled Common Rail
systems has enabled controlling of fuel injection process.
As result, it is possible to control individual combustion
phases in compression ignition engine, including phase of
kinetic combustion and phase of diffusion combustion —
percentage of the phases of kinetic and diffusion combus-
tion is directly related to methods how the fuel injection
course is accomplished [4]. To a large degree it is possible

to control the heat release course in the engine, and there-
fore it is possible to have effect on temperature and pres-
sure course of the working medium in the cylinder, and on
characteristic parameters of the process, such as: maximal
pressure and maximal temperature of the working medium,
or average indicated pressure or thermal efficiency.

2. Concept of the controlling

Within range of partial engine loads and under a given
operational conditions exists a real possibility of selection
of control parameters of the engine without change of en-
gine torque, with simultaneous assurance of not exceeded
allowable mechanical and thermal loads of engine compo-
nents. Mutual correlation of fueling parameters and phe-
nomena occurring in the engine’s cylinder causes that their
analysis, from engine’s operational parameters point of
view, including engine efficiency, thermal and mechanical
load of its components, emission of harmful components of
exhaust gases, requires significant amount of time and
costs. To solve the above problems, therefore, a computa-
tional analysis supported by experimental research, con-
nected with searching for optimal with a given criterion, set
of control parameters is increasingly used.

Searched values of the control parameters must be pos-
sible to be attained in practice, and thus:

X <X; <X fori=1,...,r (D)

imin = imax
where X; s

allowable values of x; .

X are respectively minimal and maximal

imax

Limitation of the form of (1) means that searched values
of control parameters should not exceed a preset boundary
values, which can be different in a particular point of en-
gine operation. For instance, allowable increase of fuel dose
(and hence also its higher maximal value) will be higher for
medium and high engine loads than in case when the con-
trol concerns conditions of low engine load.

The control task can be formulated in relation to all pos-
sible, or only to selected characteristic parameters with or
without consideration of emission of harmful compounds of
exhaust gases. In the general form, the control task can be
formulated as a multi-criterion problem, in form of
weighted sum of individual criteria:
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ofx)= xcf o+ St o, @

i=1 i=1
where: 1, — functionals of continuous functions ui(d)) de-
scribing courses of: mass, pressure, temperature and vol-
ume of the cylinder, FiD— emission of i-th component of
exhaust gases, e.g.: carbon monoxide, hydrocarbons, nitro-
gen oxide and smoke, CiF,CiL — weight factors, directly

connected with emission of i-th component and value of i-
th functional.

The following functionals can used as the control criteria
— mean indicated pressure:

[pdV
-V
| = 3
pi v, 3)
where V; — swept capacity of the cylinder,
— thermal efficiency of the working cycle:
[pdV
-V
= 4
Ne ByW, “)
where: B, — fuel dose, W, — fuel caloric value.
— maximal pressure and temperature in the cycle:
& = max {E(0), €0{p.T} )
0<¢p<4rm
— maximal growth rate of pressure and temperature:
dg
1l = max {—}, Oip, T 6
g Os¢s§n{d¢} : {p } ©

Moreover, the control task (2) is supplemented by
boundary conditions having general form of:

El. <E'<El fori=1,.,k (7
Ligin SLi Sl fori=1,..q ®)

defining respectively minimal and maximal values for each
from the values important from controlling point of view.

In the control task formulated in such way, calculation
of the objective function in each optimization step requires
usage of the working cycle’s model to evaluation of contin-

uous functions ui(d)) ¢D<O,4T[>. It is necessary in each

iteration, therefore, to integrate equations of the model,
what requires adoption of numerically effective model of
engine’s working cycle.

3. Model of the working cycle

Requirement to ensure suitable computational efficiency
of the model of the working cycle is pointing at a necessity
of usage of simplified zero- or one-dimensional model.
Let’s consider, therefore, use of theoretical-empirical zero-
dimensional model proposed in the study [2, 4]. Such type
calculations model, after performed proceedings of identifi-
cation of values of the model’s parameters, allows to calcu-
late characteristic parameters of the working cycle for any

vector of control parameters. The model used in the con-
trolling can be written in the general form:

M;[X,E,G,p,m,T]=0 for i =1,...,1 )

where: M, — differential operator or function, 1- number of

equations,
together with dependencies for vector of model’s parame-
ters and vector of auxiliary parameters, respectively:

E=fqn (X) (10)

and

G=fqn (X) an

where f (X) denotes mapping accomplished by neutral

networks [2].

Integration of the equations describing the model leads
directly to determination of the functions describing contin-
uous courses of: mass, pressure, temperature and transient
volume of cylinder, and their derivatives, what during the
next step enables to determine values of individual func-
tionals, defined in the control task in form of (2).

In scope of estimation of harmful compounds emissions
like carbon monoxide, hydrocarbons, nitrogen oxide and
smoke, implemented model is supplemented by relevant
dependencies of the form [3]:

E =1, (X) (12)

where i 0{CO,HC,NO,,D}.

4. Control task

In this study is considered the control task aimed at min-
imization of nitrogen oxides emission for a fixed operating
point of the engine. This task therefore has the objective
function in form of:

Qyo, (x)= Cgox FI\DIOx (13)
where coefficient CIP:]OX can be taken as:
-1
Clo, =[Fo. o] (14)

where Fy, , denotes emissions of nitrogen oxides for
o

factory settings.

Objective of the control formulated in such way should
be attained for a considered point of engine operation with
simultaneous fulfillment of additional constraints, with
respect to:

— not exceeded allowable emission levels of other harmful
components of exhaust gases:

F”< 8, B for i 0{CO,HC,D} (15)

where O, are coefficients assigned for a given operational

point of the engine, while FiDO denotes emission or smoke

of i-th component for factory settings,
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— not exceeded allowable changes in parameters of char-
acteristic working cycle:

I; =11,0f0fiD{Pi} (16)
yli o <l foriO{n.} (17)
11 s Zi 1i,O fori D{pmax’Tmax} (18)

where V,{; are coefficients assigned for a given point of
engine operation, while 1, is value of i-th functional (pa-

rameter of characteristic working cycle) for the initial con-
ditions (at factory settings).

Solution of the control task formulated in form of (13)
was performed for selected points of engine operation, the
same as currently used by manufacturers to powering of
passenger cars. Parameters of the engine are presented in
the Table 1.

Table 1. The engine’s technical data

Compression ignition engine supercharged by a
Engine tur_bo compressor with direct injection equippe_d
with an electronically controlled Common Rail
system
Layout of cylinders 4 in line
Number of valves
. 4
per cylinder
Bore 70 mm
Stroke 82 mm
Total displacement 1.3 dm’
Compression ratio 16.8
Maximum power 55 kW/4000 rpm
Maximum torque 200 N-m/1500 rpm

In order to evaluate the operating points for which the
control task will be performed, a road tests of a vehicle
equipped with such engine in conditions of real road traffic
have been planned and accomplished. A number of drives
were performed within framework of the tests, the cars
were driven both in urban traffic conditions and on extra-
urban roads. Parameters of vehicle’s motion, engine speed
and degree of engine load were recorded during the tests
comprising in total eight hours of the driving. The record-
ing was carried out with use of computer connected to OBD
system of tested car. Read-out of motion parameters with
frequency 1 Hz was performed with use of ELM327 Inter-
face (OBD - RS232 Interpreter) and authorial software
enabling simultaneous archiving of data downloaded from
engine’s ECU. All operating points of the engine recorded
in course of the performed road tests [1] are presented in
the Fig. 1.

Analysis of the road test results is pointing at dominat-
ing range of engine speed from interval of 2000-3000 rpm,
and engine loads up to 75% of maximal torque at a given
rotational speed. On this basis, four different engine loads
for rotational speed of 2500 rpm have been chosen as the
points for which the control task was solved. Summary of
analyzed operating points from the control task presented in
this study is given in the Table 2. Therefore, selected points
of engine operation correspond to conditions often found in
real conditions of engine operation.
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Fig. 1. Operating points of the engine recorded during accomplished road
tests

Table 2. The engine’s operating points considered in the control task

Load 0.25 0.50 0.75 0.90
Mmax(ZS{)() rpm) Mmax(ZS{)() rpm) Mmax(ZS{)() rpm) Mmax(ZS{)() rpm)
Torque 48 N-m 95 N-m 143 N'm 171 N-m

Evaluation of permissible emissions of a given com-
pound, and thus imposing limitations assumed in the con-
trol task, require analysis of exhaust gases’ level emitted by
tested engine, with respect to emission levels from other
compression ignition engines, having comparable perfor-
mance and displacement. Similarly, making benchmarking
it is possible to define limitations related to thermal effi-
ciency, mechanical and thermal engine loads. In this way
the coefficients values present in the constraints (15-18)
and shown in the Table 3 were evaluated.

Table 3. Values of coefficients 3;,y,¢; taken to definition of boundary
conditions in the control task

dco (%6 dp Y 4

1.3 1.2 1.5

Pmax ZT
0.95 1.1 1.1

max

The Nelder-Mead method (downhill simplex method)
was used to solve optimization task of the form with limita-
tions. As result of performed optimization computations,
new vectors of adjusting parameters were evaluated for
each from analyzed operating points. Comparison with the
parameters corresponding to factory settings is shown in the
Table 4.

Table 4. Factory parameters and optimum parameters

COMBUSTION ENGINES, 2017, 170(3)

Engine load By [g] e XEGr
[FOWK] | [%]
025M . | 0.9790 1072 356 20
Factory settings 0.50 M .¢ 1.7213 0072 354.4 11
Xo 0.75Mpax | 2.4490 1072 353 0
090M x| 289070072 | 3525 0
Settings evaluated 025 Minax 10769007 | 3566 ha
for assumed objec- | 0.50 M, 172900072 | 3578 11
t;z:nmon ) 075 My | 245610002 | 354 0
090M,_.. | 28950072 | 353.6 0
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Use of calculated adjustment parameters Xqpy leads to

changes in the emissions (Table 5) and simultaneously
satisfies, with sufficiently big margin, accepted limitations
imposed on allowable changes in characteristic points of
the working cycle.

Analysis of the data summarized in the Table 5 con-
firms possibility of significant reduction of emissions of
nitrogen oxides, up to about 30% depending on point of
engine operation, with simultaneous maintaining of as-
sumed limitations with respect to other harmful compounds
of exhaust gases and smokiness. Comparison of the values
of medium indicated pressure, thermal efficiency of the
working cycle, maximal pressure and temperature of the
working cycle, obtained for factory set adjusting parame-
ters, and after the modification, are presented in the Fig. 2.

0,25 Mmax
1,8 n.[MPa]
15 n=2500 obr/min
1,2
0,9

0,9 Mmax

0,75 Mmax

0,25 Mmax
05 N
n=2500 obr/min

0,9 Mmax

0,75 Mmax

Table 5. Emissions of harmful exhaust gases in analyzed points of engine

operation
Engine load Feo Fac FNOx Fp
[%] | [ppm] | [ppm] | [FSN]
0.25 M 0x 0.0638 265 97 0.3
Factory settings | 0.50 M, 0.017 80 253 0.8
Xy 0.75M e | 0.007 50 769 0.2
0.90 M.« 0.007 44 898 0.2
Settings evalu- 0.25 M 0.089 303 70 0.36
ated for as-
S0M
sumed objec- 0.50 M 0x 0.021 74 175 1.21
tive function 0.75M ax 0.009 48 697 0.24
(13) Xopr 090 My | 0.008 | 43 812 | 028
0,25 Mmax
14 Prax [MPa]
12 n=2500 obr/min
10
8 |

0,9 Mmax 0,5 Mmax
—X,
== Xopr
--- max
0,75 Mmax
0,25 Mmax
2400 Toax [K]
n=2500 obr/min
2100 ¢

0,75 Mmax

Fig. 2. Values of medium indicated pressure, thermal efficiency of working cycle, maximal pressure and temperature of the working cycle after applica-
tion of calculated adjusting parameters Xopr in relation to values of factory settings X

5. Conclusions
Obtained solutions of the task aimed at selection of ad-
justing parameters in selected points of engine operation,
obtained due to criterion of minimization of nitrogen oxides
emission can be assessed on the basis of many criteria,
which can be grouped within framework of three cumula-
tive categories:
— environmental impact (emission of individual com-
pounds of exhaust gases),

— utility (overall efficiency of the cycle),
— requirements of durability (maximal pressure and max-
imal temperature in the cylinder).

Due to significant environmental burden of harmful
emissions of exhaust gases from traction vehicles, and
taking into account increase in fleet of road going vehicles,
the environmental criterion can be assumed as absolutely
dominant over criterion of durability, and significantly
preferred over criterion representing utility.
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[3] BRZOZOWSKI, K., NOWAKOWSKI, J. Toxicity of ex-

Nomenclature

X vector of control parameters ¢,, injection advance angle

Xggr degree of exhaust gas recirculation m mass of the medium in cylinder
E vector of model parameters P pressure in cylinder

G vector of auxilary parameters T temperature in cylinder

¢ crank angle
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