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Summary. Reduced pollution of the natural environment with toxic compounds emitted by motor-vehicle en-
gines is at present one of the most serious ecological issues. Not only the engine properties will decide on meet-
ing these requirements but also the expected conditions of its operation that should be taken into consideration 
in the constructional and adjustment works. Attention was paid in this paper to the aspects of application of 
the optimisation procedure in the fi eld of combustion engines. One of the possibilities of controlling the fuel 
consumption and concentration of toxic components in the exhaust gases was presented through optimum – as 
far as the set conditions are concerned – selection of constructional parameters of the turbo-charging system and 
methods of its adjustment. The results of the measurements of fuel consumption and the smoke opacity of the 
exhaust gases of the engine with compression-ignition of the SW-680 type with the sequential turbo-charging 
system were used in the calculations. An optimum confi guration of the turbo-charging unit reduction of fuel 
consumption was obtained with keeping the smoke opacity of exhaust gases at the permissible level, which can 
be considered as a very promising result.
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INTRODUCTION

The requirements of high energetic properties ensuring adequate dynamics of a vehicle and 
economical operation are imposed on the modern traction engines. Equally important is to meet the 
constraints related to the toxicity of exhaust gases. As the result of fuel combustion, nitric oxides 
NOX, carbon monoxide CO, hydrocarbons CH and particulate solids C are produced. They are the 
toxic compounds, the emission quantity of which is limited by the EURO standards. Apart from 
them, there is a whole series of other toxic compounds the concentrations of which have not been 
so far limited by any standards. The basic component of exhaust gases is carbon dioxide CO2 that 
is not a toxic gas but its presence in the atmosphere is considered as the main source of the green-
house effect. Hence, the standards in force at present also specify the permissible CO2 emission. 
Reduction of this emission is thus equal to the reduction of average fuel consumption. In order to 
meet these goals it is necessary to intensify actions from the engine side, aiming at an improvement 
of effi ciency of processes taking place in the cylinder.
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One of the commonly used methods allowing for an improvement of properties of engines 
is turbo-charging. An increase of the maximum power of turbo-charged engines advantageously 
infl uences the improvement of dynamic properties of a vehicle and its ability to cope with inclina-
tions without the necessity to reduce gears. However, it must be stressed that the traction engine 
operates at the full load very seldom. In the average operation conditions the majority of the overall 
operation time falls on the low and medium engine loads. Therefore not only the engine properties 
will decide on meeting the above mentioned requirements but also the conditions of its operation 
resulting from the character of the vehicle application. Hence the problem arises how to determine 
the engine operation parameters that should be taken into consideration in the construction and 
adjustment works.

The construction and adjustment issues related to matching the engine properties to the 
method of its operation is a task with a compromise solution, to the solution of which optimisation 
methods can be applied [1]. An optimisation problem includes adopting the engine operation quality 
criterion, so called objective function and determination of the set of construction and adjustment 
parameters deciding on the value of this criterion. The set of construction and adjustment parameters 
forms the Wd vector called the vector of decision variables. The adopted objective function makes 
the criterion value (e.g. minimising of fuel consumption, emission of toxic compounds) dependant 
on the selected constructional and operational parameters in the assumed engine operation condi-
tions with simultaneous taking a series of constraints into consideration.

The optimisation actions are related to multiple determination of the objective function value 
that meets the assumed constraints. In cases where the mathematical formalisation of a problem is 
possible, this can be reached with the use of numerical methods by making the use of digital models 
of engine and operation conditions. In the remaining cases one should base on experimental tests, 
which are much more expensive, time consuming and limited to a fi nite number of discrete values 
of the optimised parameters. However, this does not exclude the use of experimental data for the 
creation of empirical models created by approximation of the sets of values obtained in tests in an 
engine test house.

In this paper attention the aspects of application of the optimisation procedure in the fi eld of 
combustion engines. One of the possibilities was presented concerning controlling of fuel consump-
tion and concentration of toxic compounds in the exhaust gases through optimum – for the assigned 
operation conditions – selection of the constructional parameters of a turbo-charging system and 
methods of its adjustment. The results of the fuel consumption measurements and the smoke opacity 
of the exhaust gases of the six cylinder engine with compression-ignition of the SW-680 type with 
sequential turbo-charging [6] were used. Narrowing of the problem to the reduction of consumption 
and the smoke opacity of the exhaust gases does not exclude the possibility to include a series of 
additional factors in the optimisation procedure.

PROBLEM DESCRIPTION

One of the commonly used methods used at present, allowing for an improvement of the 
engine properties is turbo-charging. The performance of turbo-charged engines mainly results from 
the effi ciency of the turbo-charging system, determined by the possibility of a supply of an adequate 
quantity of air for the fuel combustion. The conventional turbo-charging with one turbo-charger 
does not ensure the required curve of the turbo-charging characteristic thus disadvantageously in-
fl uencing the engine operation indicators. Matching the turbo-charging characteristics to changing 
conditions of a motor-vehicle engine operation is possible with the use of turbo-charging adjust-
ment systems.
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At present, the VGT turbo-chargers with variable geometry of the turbine are used more 
and more often. They enable an increase of the engine dynamics and the torque over the whole 
range of engine speeds, and matching the compressor output to the momentary engine load allows 
for a reduction of NOX. Shaping of the turbo-charging characteristics is also possible by means of 
structurally less complex systems, out of which the sequential turbo-charging deserves a particular 
attention [14,16].

The sequential turbo-charging presented in the literature [11,12,15] consists in the use of 
at least two turbo-chargers, most often in two different sizes, reciprocally connected in parallel 
arrangement and equipped with the system of valves controlling their operation. According to the 
idea of the system operation at low engine loads, one turbo-charger is in operation. Engaging into 
operation of the second turbo-charger takes place only within the range of high engine speeds and 
engine loads and aims at its protection against excessive increase of mechanical loads [11,12].
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Fig. 1. Diagram of the sequential turbo-charging system of the SW-680 engine [6] 
1 – larger turbo-charger of the 1st sequence , 2 – smaller turbo-charger of the 2nd sequence, 3 – branching with 
pulse exchanger, 4 – throttling valve between turbine and engine, 5 – throttling valve between turbo-charger 

and engine, 6 – inlet manifold, 7 – air intake

Application of two smaller turbo-chargers instead of one large turbo-charger allows for an 
increase of the mass of air supplied to the engine within the range of low engine speeds. The ad-
vantage of the tested turbo-charging system is the low modernisation cost as well as possibility of 
use of mass-produced turbo-chargers. The disadvantage of the sequential turbo-charging system 
resulting from the method of engaging of the second turbo-charger is the discontinuity of the turbo-
charging pressure and the torque on the external characteristics of the engine. The diagram of the 
sequential turbo-charging was presented in Fig. 1. The detailed description of the system operation 
is contained in [6].

The research carried out by the author [8] has allowed for an assessment of the infl uence 
of the constructional parameters of the sequential turbo-charging on the SW 680 engine operation 
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indicators showing signifi cant advantages resulting from its application at the engine operation at 
high load. However, as indicated above, the actual distribution of loads taking place in the average 
operational conditions shows the necessity to optimise the constructional and adjustment param-
eters of the engine within these fi elds of the characteristics where it is in operation for the longest 
period of time [13]. Thus, there arises the problem of selection of turbo-chargers and determination 
of the functional properties of the control system for turbo-chargers that will enable matching the 
turbo-charging output to the momentary load of the engine with meeting the imposed requirements 
in accordance with the adopted optimisation criterion.

ASSUMED MODEL OF ENGINE OPERATION

The operational fuel consumption as well as the size of emission of toxic components pro-
duced by an engine with turbo-charging are dependant not only on the applied turbo-charging unit 
but signifi cantly – as indicated above – are strictly related to the conditions of its operation (load and 
engine speed). The selection of a turbo-charging unit to the engine may take place for any engine 
speeds and loads. Most often these are the nominal ratings, under which the engine operates only 
for a few percent of the whole operation time. The results of the operational tests unambiguously 
show that the traction engine most often operates at low and medium loads and rotational speeds. 
Therefore, optimisation of the engine operation for the nominal rating departs from the purpose and 
seems to be of more advertising than of rational character. This results from the fact that optimisa-
tion of the engine operation for the range, in which the engine operates most of the time seems to 
be the most legitimate.

By applying the optimisation procedure it is easy to determine the optimum values of decision 
parameters for one point of the engine operation. However, the selection of a decision parameter 
vector for the whole area of the engine operation is a problem.

The engine operation conditions may be unambiguously determined by the torque values M0 
and the engine speed n. The momentary changes M0(t) and n(t) in the fi eld of the general charac-
teristic of the engine obtained during the vehicle driving will be determining the engine operation 
model, and the t <0,T>, where T means the total observation time.

The M0(t) and n(t) values may be determined by the direct measurement of the torque and 
the engine speed on the engine crankshaft during driving on the route specifi ed by the research pro-
gramme. However, this requires adequate equipment and long-term measurements as well as proper 
statistical processing of the obtained results. At present, for testing of vehicles engine test houses are 
used more and more often that enable a detailed simulation of strictly specifi ed driving conditions 
of a vehicle on the road in the control tests executed according to the so called driving cycles. Such 
a cycle considered as the driving being the most representative for the movement of a given vehicle 
in actual operation conditions is used at the time of testing of emission of toxic components in the 
exhaust gases and at measurements of fuel consumption by a vehicle (CO2 emission).

The M0(t) and n(t) values may be rearranged to the form of so called time density (TD) [2,3,5]. 
The general characteristic of the engine i.e. the fi eld of its operation in the M0, n co-ordinates may be 
divided into i-segments with the dimensions of ΔM and Δn (Fig. 2). For the elementary i-segment, 
the time density is defi ned by the quotient:

 TDi = ti/T (1)

By ti, the operation time in the elementary i-segment of the operation fi eld with the torque 
and the engine speed belonging to this segment are determined.



27APPLICATION OF THE TIME DENSITY CHARACTERISTICS...

n

Field with TD>0

Field with TD=0Mo

n

Mo

(TD)i

(i )

Fig. 2. Diagram of division of the characteristic into the Mo and n sections [5]
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Fig. 3. Characteristic of time density of the Scania DC 11 01 340 engine [17]

The characteristic of the time density (TD) that constitutes the model of the engine opera-
tion may be the basis for determination of the value of the engine operation indicators taken into 
consideration in the objective function and constraints used in optimisation. In order to simplify the 
optimisation procedure it is recommended to replace several segments (TD) and their participations 
with a smaller number of representative fi elds with weighted factors (ui participations) present-
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ing replacement values of the time density (TD). The values of the engine operation indicators 
obtained during this must be the same during one cycle. According to the research results of the 
Scania company, division of the characteristics into 4 fi elds is suffi cient (Fig. 3). As an example, 
the characteristic of the time density of the Scania DC 11 01 340 engine may be used, representing 
the group of turbo-charged engines designed for driving of lorries of high carrying capacity. On 
this characteristic, fi elds determining the characteristic areas of operation of the engine for road 
applications were marked. The percentage participations uj of usage of particular fi elds under the 
torque curve of the utility vehicles engines according to Scania are [17]:

• fi eld 1 – 9 %
• fi eld 2 – 60%
• fi eld 3 – 6%
• fi eld 4 – 25%
It results from the character of operation of engines designed for driving of lorries of high 

carrying capacity. In such case of lorries of heavy weight, the fi eld of the characteristic close to 
the maximum value of torque within the area of medium engine speeds is much more used, which 
– apart from the improvement of the dynamic properties of the engine – gives relatively low values 
of specifi c fuel consumption, and thus high general effi ciency. Regardless of the total weight of the 
described vehicles the fi eld No. 2 is the most used one (within the limits of 50-60% of the operation 
time) that covers the areas of the lowest specifi c fuel consumption. A signifi cant use of the fi eld 
No. 4 (25-35% of the operation time) by the engines of lorries of high carrying capacity is possible 
at driving on motorways with full load and constant driving speed, which is typical for such types 
of roads and heavy weight of transported load. Generally, one aims at the maximum use of the grey 
fi eld, i.e. corresponding to the lowest fuel consumption, which is fully understandable when bearing 
in mind the previous operational experience.

A similar character of the JELCZ lorry operation shows that it is purposeful to carry out an 
assessment of the adopted constructional solutions of the SW 680 engine with sequential turbo-
charging on the basis of the characteristic of time density (TD) for the Scania engines, presented 
in Fig. 3.

USE OF THE OPERATION MODEL IN THE OPTIMISATION PROCEDURE

Connecting of the anticipated operation conditions (TD) with the general characteristic of 
the engine provides the operation model with the versatility feature. It may be used in all types of 
problems where the assessment criterion should take into consideration the anticipated distribution 
of loads taking place during the operation. It may be the problems that are related to the selection of 
an engine with given properties to a vehicle, selection of an optimum driving method for a specifi ed 
route section or determination of optimum gears in the power transmission system. It may be also 
the problems aiming at an improvement of the engine properties related to the actions of adjust-
ment and constructional character, and in particular the tasks of selection of engine elements. In 
case of the engine with sequential turbo-charging it will be mainly the selection of turbo-chargers 
and determination of the fi elds of characteristics where the engine should operate with one or two 
turbo-chargers engaged. The adopted quality coeffi cient (objective function value) related to the 
adopted operation model should fi nally decide on the selection of a solution of this problem with 
the use of optimisation methods.

The method of connecting of the operation model with the quality coeffi cient may be differ-
ent, selected individually depending on the executed problem, the computational possibilities, etc. 
Most often it is a parameter that determines the economy of the engine operation, being a known 
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function of the optimised parameters. The requirement of economical operation happens to be 
supplemented with additional criteria that may take place in the form of constraints imposed on 
the parameters under optimisation. For example, it may be required to keep the emission of toxic 
components of exhaust gases or the noise emission at the permitted level.

In the executed optimisation problem for the SW 680 engine driving the JELCZ lorry of 
high carrying capacity, driven in the conditions described by the density characteristic presented in 
Fig. 3., one must determine the constructional and adjustment parameters of the turbo-charging unit, 
ensuring the best economy of operation at the emission of soot contained in the exhaust gases not 
exceeding the permissible value. For the assessment of economy, one may make use of the method 
for determination of the value of the equivalent fuel consumption on the basis of the time density 
characteristic. In this method, the percentage participations uj of particular fi elds of the characteristic 
(TD) are the weights of the specifi c fuel consumption ge.

 ge.equiv. = ∑ (ge.j · uj) (2)

The optimisation problem with taking the time density into consideration was solved for the 
following vector of decision variables that determine the constructional and adjustment parameters 
of the system:

 Wd = [d1,d2,d3,d4,d5] (3)

The decision variable d1 was defi ned by the set of turbo-chargers of the 1st sequence being at 
disposal, manufactured by WSK Rzeszów, of the B3A series of types, with the catalogue numbers 
of the rotors of 259K, 279K, and the B3C series of types with the rotor number of 309K, whereas 
the variable d2 defi ned the set of turbo-chargers of the 2nd sequence of the B65 series of types with 
the catalogue numbers of the rotors of 50 and 60. The quantity of turbo-chargers defi ned by the d1 
and d2 variables gave 6 sets of turbo-chargers that required consideration.

The decision variable d3 was defi ned by the set of turbo-chargers of the 1st sequence being at 
disposal, with the intersections of the inlet box AT equal to 14 and 17 cm2. The variable d4 defi ned 
the set of turbo-chargers of the 2nd sequence with the intersections of the inlet box AT equal to 3.31 
and 5.65 cm2. The used turbo-chargers have got replaceable bodies of turbines with unifi ed dimen-
sions of fastening fl anges. After taking the number of sets of turbo-chargers into consideration it 
was possible to obtain as many as 24 variants of sets of the turbo-charging unit.

The decision variable d5 defi ned the characteristic of controlling of the turbo-charger of 
the 2nd sequence. Two solutions are possible here. In the fi rst one, engaging into operation of the 
turbo-charger of the 2nd sequence takes place only within the range of high engine speeds and loads 
and mainly aims at the protection of the engine against an excessive increase of mechanical loads 
resulting from too high supercharging pressures. Such approach may be encountered in the solutions 
presented in the literature [12]. Fig. 4. presents an example universal characteristics of the SW-680 
engine for one of the tested sets of turbo-chargers controlled according to this concept. There is 
a boundary line plotted on the characteristics, above which engaging of the second turbo-charger 
into operation takes place, resulting from exceeding of the permissible supercharging pressures. It 
results from the research carried out by the author [10] that certain improvement of the economy 
of the tested SW-680 engine may be obtained through engaging of the second turbo-charger into 
operation already at low engine speeds and loads, however at the cost of an increased smoke opac-
ity of the exhaust gases (Fig. 5.). Above the visible boundary line, switching into engine operation 
with one turbo-charger takes place. The purposefulness of such solution will be therefore dependant 
on the degree of use of the engine operation fi elds with reduced fuel consumption and it is directly 
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connected with the adopted operation model whereas in Figures 6 and 7 the universal characteris-
tics was presented in the bar chart arrangement with marked participations of particular fi elds with 
established specifi c fuel consumption ge. These characteristics – after taking the time density (TD) 
into consideration – formed the basis for calculation of the value of the criterion function.
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Fig. 4. Universal characteristics of the SW-680 engine with sequential turbo-charging for the set of B3C 
turbo-chargers with AT=17 cm2 and B65 with AT=5.65 cm2. The visible line of the limit pressure pd=pd max, 

above which engaging of the second turbo-charger takes place
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Fig. 7. Bar chart of participations uj of fi elds with established specifi c fuel consumption ge 
prepared on the basis of the universal characteristics presented in Fig. 5.

The optimisation criterion is constituted by the Q function defi ning the equivalent fuel con-
sumption in the adopted driving cycle, with adopted weight factors uj. 

 Q(d1,d2,d3,d4,d5) = ∑(ge.j · uj) (4)

The constraints imposed on the parameters under optimisation relate to meeting the mentioned 
requirements as to the soot emission expressed by means of the function dependence C, in which 
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the percentage participations uj of particular fi elds of the characteristic (TD) are the weights of the 
smoke opacity of the exhaust gases c:

 C(d1,d2,d3,d4,d5) = ∑(cj · uj) (5)

The values of the specifi c fuel consumption ge and the soot emission c for various conditions 
of the engine operation and sets of turbo-chargers were determined on the basis of the universal 
characteristics obtained through measurements during tests in the engine test house.

Also constraints concerning ensuring constant and reliable operation of the engine-turbo-
charging unit set were taken into consideration. During the executed preliminary tests, the suitability 
of each of the turbo-chargers was defi ned, from which the turbo-chargers of the B3A and B65 series 
of types with the catalogue numbers of rotors of 259K, 279K was rejected as well as 50 due to their 
inadequate fl ow characteristics [9]. This showed the purposefulness of use of the following turbo-
chargers as the decision variables: d1 – 309K turbo-charger and d2 – 60 turbo-charger. It was also 
found that with use of the B3C turbo-charger with the intersection of the inlet box of the turbine AT 
= 14 cm2, too high supercharging pressure was obtained in the conditions of full engine load. As the 
result, the d3 variable was limited to the turbine with the inlet box with the intersection of AT = 17 
cm2. This reduced the quantity of turbo-chargers to one set that, with taking the permitted quantity 
of the turbine variants into consideration, gave two sets of the device meeting the constraints.

A typical optimisation problem with constraints was rearranged to the problem without con-
straints as to use of the penalty function with building of a new objective function Q1.

In order to simplify the procedure, decomposition of the problem was carried out that allowed 
for the elimination of discrete variables from the objective function, defi ned by the sets of the 
turbo-charging device meeting the constraints. Each set was treated as a parameter, i.e. a separate 
variant that requires a separate consideration. Therefore, a series of optimisation problems were 
solved for the adopted sets of turbo-chargers and established characteristics of the operation of the 
system controlling the operation of turbo-chargers. The AT values were sought for the turbines of 
the 2nd sequence that minimise Q1:

 Q(d4) = ∑(ge.j · uj) (6)

RESULTS OF CALCULATIONS

The solutions of the optimisation problems (fi nding of AT for the turbine of the turbo-charger 
of the 2nd sequence as well as characteristic of the system controlling the operation of turbo-charg-
ers) are presented in Table 1.

Table 1. The obtained values of the objective function Q1 for the sought values AT of the turbines of the 2nd 
sequence as well as the established characteristics of operation of the controlling system

Q1[g/kW h]

Controlling according 
to the economy limit

Controlling according 
to the strength limit

AT [cm2]
3.31 240.5 244.9

5.65 239.7 244.5
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The lowest value of the criterion function Q1 calculated on the basis of the adopted model of 
the engine operation was obtained for the intersection of the inlet box of the turbine of the 2nd stage 
AT = 5,65 cm2 and such characteristics of the system controlling the operation of turbo-chargers, 
according to which engaging of two turbo-chargers takes place already at low engine speeds and 
loads. Moreover, in this case it is not necessary to take into consideration the limit of the permis-
sible supercharging pressure as above the engine speed of n=1600 min-1 there are in operation 
two turbo-chargers that do not reach this limit, whereas the differences in the Q1 values for the 
analysed AT values and characteristics of the operation of the system controlling the turbo-chargers 
are 2,2%. This gives approximately 8 litres of savings at driving fuel consumption with ten-hour 
working day [4].

The results of the research presented here allow for the statement that in both the construction 
and the controlling of the engine there are still hidden reserves as to the economy of its operation as 
well as reduction of pollution to the natural environment with toxic components of exhaust gases. 
However, the condition for the execution of this problem, in particular solved with optimisation 
methods is to link the index of assessment of the analysed solution to the conditions of the engine 
operation (TD) that should fi nally decide on the selection of solution.
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