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INTRODUCTION 

The manufacturers of modern internal com-
bustion engines for vehicles must meet a number 
of strict requirements like: low fuel consumption, 
required noise level, limited exhaust emissions as 
well as the vehicle lifespan at the lowest possible 
cost. The user’s additional requirement as far as 
the engine is concerned, is a relatively high power 
level per liter of its displacement. Currently, it can 
be assumed that in passenger cars, for spark and 
compression ignition engines, the power level 
exceeds 75 kW per liter of its displacement. In 
both types of engines, their control systems must 
meet such requirements. For this purpose, the fuel 

injection system, e.g. in a compression-ignition 
engine, must supply fuel at a pressure of approx. 
260 MPa and repeatedly inject the initial fuel dos-
es and the main dose in a precisely defined piston 
position in relation to its top dead centre.

In compression ignition engines, the Com-
mon Rail injection system meets these require-
ments. Its main advantage in comparison to other 
compression injection engine systems is the sepa-
ration of pressure generation and fuel injection 
processes regardless of the engine speed and the 
dose of the injected fuel [9].

In order to meet the strict EURO standards 
regarding the emission of limited exhaust fume 
components, the latest, fully electronic control 
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ABSTRACT
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systems for a compression ignition engine, e.g. 
BOSCH EDC17, must calculate the actual dose 
of the injected fuel for each injection and its in-
dividual phases for multiphase injection with an 
appropriate dose of air.

Meeting the requirements of passenger cars 
and trucks can take place when the diesel com-
pression ignition engines are charged with com-
pressed air using a turbocharger. In this case, the 
technical condition assessment of the Audi 3.0 V6 
TDI engine, equipped with a turbocharger with 
a variable angle of turbine blades (VTG), and 
an adjustable electromechanical positioner will 
be made.

Obtaining the required parameters by the 
diesel engine in the process of fuel injection and 
combustion requires the use of a controller for the 
implementation of the mentioned processes.

In the process of calculating the quantitative 
fuel-air mixture, it is necessary for the control-
ler to know a number of engine operating param-
eters, such as engine and drawn air temperature, 
exhaust gas temperature, engine load and its ro-
tational speed. The measurement of these param-
eters is carried out by means of appropriate sen-
sors, which additionally support the supervision 
over the proper operation of the engine control 
system as well as its diagnostics. The measure-
ment of regulated parameters, such as fuel pres-
sure and the engine charge air, allows the engine 
controller to compare the measured values   with 
the programmed ones. The sensors used to build 
the engine management system change their char-
acteristics during the engine operation. This, in 
turn, affects the correctness of parameters and, 
as a consequence, it may lead to the increase in 
fuel consumption, limited exhaust gas component 
emissions and even engine noise [1–5, 11, 12].

As a result of the literature analysis of select-
ed items, no studies regarding the relationship be-
tween the diagnostic parameters of the engine and 
the mileage of the vehicle or its operating time 
have been found so far. Such research is carried 
out by car companies, but, for understandable 
reasons, they are not published.

Characteristics of the test object

A significant number of currently manu-
factured diesel engines are equipped with tur-
bocharging systems, i.e with a turbocharger, 
including the ones with a variable angle of 
turbine steering wheel blades (VTG,VNT). 

Electromechanical positioners are increasingly 
often used to regulate the charge air pressure in 
this group of turbochargers.

On the basis of the author’s research car-
ried out on a group of Mercedes-Benz Sprinter 
W906 2.1 DCI and VW Crafter 2.5 TDI vehicles, 
it was found that the damages of the engine charg-
ing system – 49% [8] occurred most frequently. 
This confirms the desirability of testing turbo-
charger posotioners. Understanding the wear 
process of the turbocharger control mechanism 
allows determining the percentage estimation of 
its motion resistance caused by the contamination 
of the turbine steering wheel blades (turbocharger 
VTG mechanism).

Figure 1 [14] shows the design of the tested 
Audi 3.0 V6 TDI engine of the Audi A6 C6 pas-
senger car, and Figure 2 shows a Borg Warnner 
turbocharger with an electromechanical position-
er for the Audi 3.0 V6 TDI engine; Table 1 con-
tains its basic technical parameters.

Operational damages to the 
electromechanical turbocharger positioner

Downsizing, which is currently used by 
manufacturers in combustion engines is pos-
sible for technical implementation owing to the 
use of turbocharging. A good example of this 
phenomenon is a three-cylinder engine devel-
oped by Mahle company, with the capacity of 
1.2 l, power of 144 kW, torque of 287 Nm and 
reduced emissions by 30%. With traditional de-
sign solutions, such performance would be pro-
vided by a 2,4 l [5, 6] engine. The development 

Fig. 1. Audi 3.0 V6 TDI 165 kW engine [14]
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of turbocharging systems forced the develop-
ment of their regulation systems. The existing 
solutions for regulating the engine charge air 
pressure based on pneumatically controlled 
mechanical actuators give way to electrome-
chanical positioners, mainly in turbochargers 
with variable angle of turbine steering wheel 
blades (VNT, VTG) in compression ignition 
engines. The use of an electromechanical po-
sitioner in the turbocharger control enables to 
achieve any characteristics and ensures fast and 
accurate regulation of the charge air pressure 
owing to the position sensor built-in the posi-
tioner [10, 13].

Electromechanical positioners are exposed 
to a number of adverse operating factors: mainly 
vibrations and high temperatures. The first elec-
tromechanical positioners were used in the early 
2000s in BMW 7 E65 740d engines. In the fol-
lowing years, there was a dynamic development 
of their construction.

The main faults of these positioners include 
the damage of the DC motor, including the com-
mutator and carbon brushes (Fig. 3) [7]. The 
damaged DC motor of the positionercontributes 
to an excessive load and causes seizures of the 
VTG turbocharger mechanism. As a result of this 
phenomenon, the current consumed by the posi-
tioner as well as its permissible temperature and 
vibrations increase. A further consequence of this 
phenomenon is the damage to the positioner elec-
tronics and its connections to the circuit board. 
The internal electrical connection, as well as the 
electronic elements of the positioner, are most 
often exposed to the damage caused by atypical 
working conditions, as shown in Figure 4 [7].

The gear of the positioner is compressed with 
the mechanism of controlling the inclination an-
gle of the turbine steering wheel blades (VTG) 
by means of a band. This causes the damage to 
the VTG mechanism and affects the operating 
parameters as well as the durability of the elec-
tromechanical positioner. The connection for the 
Borg Warner turbocharger being the subject of the 
study is shown in Figure 5 [14].

It can be clearly stated that the durability of 
the turbocharger and its positioner is influenced 
by the use of the appropriate service and the 
compliance with its recommendations. Another 
equally important factor is the proper load on the 
engine while driving.

Fig.2. BorgWarner turbocharger with electromechanical adjuster (a), used in the Audi 3.0 V6 TDI 
engine and Garrett turbocharger with pneumatic actuator (b) used in the Renault 2.3 dCi engine

Table 1. Basic technical data for the Audi 
3.0 V6 TDI research engine [14]

Engine parameters Parameter description

Engine type Turbo Diesel

Capacity 2967 cm3 (3.0 V6 TDI)

Type BMK

Number of cylinders 6

Number of valves 24

Neutral gear 760 +/-100 rpm

Firing order 1–4–3–6–2–5

Type of a turbocharger
Turbocharger with a variable angle 
of turbine blades (VTG) controlled 
by an electromechanical positioner

Power 165 kW  – 4000 rpm

Torque 450 Nm – 1400–3250 rpm

Injection system Common Rail

Injectors Piezoelectric (Bosch)

Control system Bosch EDC16CP34

Exhaust gas cleaning 
standard

Euro 4  ( with diesel particulate 
filter)
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Fig. 3. The damaged commutator and worn out carbon brushes of the DC motor used in the turbocharger 
positioner; a) protruding commutator from carbon brushes, b) visible significant wear of carbon brushes [7]

Fig. 4. Areas of internal electrical connections and electronic components of the positioner most often exposed 
to damage; a) turbocharger positioner used in testing (VDO Siemens), b) Hella turbocharger positioner [7]
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Contemporary systems for diagnosing 
turbocharger positioners

The compression ignition engines equipped 
with a turbocharger controlled by an electrome-
chanical positioner during the operation period 
require the assessment of a number of diagnostic 
parameters. In this situation, it has to be decided 
whether or not the electromechanical positioner 
or the turbocharger has been damaged.

When the engine power stored in the mo-
tor controller memory decreases, the error code 
(DTC) will appear. Such cases were found when 
the recorded error codes suggested the damages 
to the turbocharger positioner and in fact the 
turbocharger itself was damaged. Thus, reading 
the error code memory only narrows down the 
search for a broken engine component. Diag-
nostic computers do not provide full diagnostics 
of the turbocharger positions either, therefore 
diagnostic testers are used. In order to analyze 
the capabilities of testers, available on the mar-
ket, for diagnostics of turbocharger positioners, 
they were evaluated in terms of their ability to 
measure the diagnostic parameters. Six mobile 
turbocharger positioner testers accessible on the 
market were selected, four of which were of Pol-
ish production (VNNT-1, VNTT-PRO, ATD-1, 
ActuTest 4000), one tester of Portuguese pro-
duction (V2) and one of Italian (Gate Test 3). 
The measurement capabilities of these testers, 
together with the author’s own designed tester, 
are presented in Table 2.

Only the Turbocline V2 tester from Soure in 
Portugal enables the measurement of the load 

on the turbocharger positioner, the position of 
the pneumatic positioner band and the charge 
air pressure. The air pressure is measured via 
the DLC diagnostic connector, only for the 
vehicles equipped with CAN serial transmis-
sion. As the only analysed tester, it allows di-
agnostics of the turbocharger positioner, which 
means starting the positioner with a simultane-
ous measurement of its load. The measurement 
results are given in two technical conditions: 
functional or defective.

The assessed manufactured testers do not al-
low comparing the turbocharger positioner tested 
diagnostic parameters (Imax) to their limit values. 
Consequently, only a diagnostician with exten-
sive professional experience is able to determine 
the actual technical condition of the turbocharger 
pressure control system. This significantly ex-
tends the time of the engine diagnostics.

Diagnostic tester design

As part of the tests concerning the elec-
tromechanical turbocharger positioner of the 
Audi 3.0 V6 TDI engine using the Bosch KTS 
550 diagnostic interface Figure 6 [12], it was 
not possible to measure the current consump-
tion of the turbocharger positioner, because it 
was powered independently of the engine con-
trol unit power supply. On the basis of the au-
thor’s own experience, a new diagnostic tester 
has been developed, which is able to measure 
the diagnostic levels of the electromechanical 
turbocharger positioner and additionally it allow 
implementing the developed diagnostic concept. 

Fig. 5. Mechanical connection (coupling) of the positioner gear with the VTG 
mechanism of the turbocharger used in the Audi 3.0 V6 TDI engine [14]



Advances in Science and Technology Research Journal  Vol. 14(2), 2020

228

This tester is characterized by a simplicity of 
construction and operation. It consists of an AC 
adapter and an electronic system for the measure-
ment connectors as well as the user’s interface 
(control panel and LCD display). The main tester 
element is the Atmel 8-bit microcontroller – AVR. 
The developed electromechanical turbocharger 
tester is shown in Figure 7 [7].

Methodology of the electromechanical 
turbocharger positioner tests

The author’s own tests of the diagnostic pa-
rameters of the electromechanical turbocharger 
positioner concerning the vehicle mileage were 
carried out at the Bosch Serwis Logis Car Ser-
vice in Radom. As mentioned earlier, the research 
object was an Audi A6 C6 car with a 3.0 V6 TDI 
compressed ignition engine, as well as a turbo-
charger with adjustable turbine inclination angle 
of its steering wheel blades (VTG) with an elec-
tromechanical positioner. The methodology of 
the positioner tests concerned the following mea-
surements of diagnostic parameters:
 • Regulator current consumption. This param-

eter was used due to the fact that the main 

Table 2. Comparison of diagnostic possibilities of analysed positioner testers

Type of accessible function

Analyzed testers

Testers 
VNNT-1

Testers 
VNNT-
PRO

Tester 
ATD-1

Tester 
V2

Tester 
Gate 
Test 3

Tester 
ActuTest 

4000

Tester 
own

VTG mechanism setting
Measurement of current consumption
Position measurement
Feedback signal measurement

Positioner movement smoothness test:
- adjustable test speed
- constant test speed

Positioner internal temperature measurement

Motor test (DC):):
- automatic test
- manual test

Turbocharger boost air pressure measurement
Positioner diagnostics
Estimatation in [%] of the wear level of the positioner
Estimation in  [%] of the positioner movement 
resistance

Fig. 6. Bosch FSA 740 diagnostic kit [12]

Fig. 7. The author’s design turbocharger positioner 
tester; a) general view of the tester with the elec-
tromechanical turbocharger positioner attached; 

b) tester control panel [7]
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element of the positioner is a DC electric mo-
tor. An important feature is that there is a re-
lationship between current consumption and 
mechanical load. The maximum value (Imax) 
was used to analyze the results of current con-
sumption measurement of the turbocharger 
positioner in subsequent measurement cycles;

 • The feedback signal from the positioner ex-
pressed in percentages. The tested positioner 
is controlled by a pulse – the width modula-
tion signal (PWM). The engine controller 
supervises the positioner operation by means 
of interpreting the feedback signal generated 
by the turbocharger positioner. The feedback 
signal of the turbocharger positioner was used 
due to its diagnostic properties. It allowed 
evaluating the correctness of the positioner 
operation and estimation of the position con-
trolled by the positioner of the turbocharger of 
VTG mechanism.

During the tests of the positioner current con-
sumption, using the tester for the vehicle mileage, 
a selected group of twenty-four engine diagnostic 
parameters was also registered due to the eco-
nomic aspects of its operation and the emission 
of limited fuel components. This group includes:
 • temperatures of coolant, exhaust gases and air 

sucked into the engine,
 • pressure of fuel and charge air,
 • the mass of air sucked into the engine,
 • angular positions of camshaft, crankshaft and 

its rotational speed.

In the diagnostic tests of the Borg Warner tur-
bocharger positioner, its current consumption Imax. 
was determined. In each measurement cycle for a 
given vehicle mileage, measurements were taken 
for a loaded positioner combined with a band, tur-
bine steering wheel blades, and for an unloaded 
one with a disconnected band. On the basis of 
the measurement of the loaded turbocharger po-
sitioner, its movement resistance generated by the 
turbine steering wheel blades was determined in 
percentages. The results of measurements of the 
unloaded turbocharger positioner provided the 
information owing to which the degree of its con-
sumption was determined.

The obtained test results were the basis for the 
preparation of two characteristics of the author’s 
own electromechanical turbocharger positioner 
concerning the Audi A6C6/vehicle mileage:

Imax1 = f(p) 
Imax2 = f(p)  (1)

where: Imax1 – current consumption of the loaded 
positioner, A,

 Imax2 – current consumption of the unload-
ed positioner, A,

 p – vehicle mileage, km.

On the basis of the analysis of these param-
eters, the percentage of wear of the turbocharger 
positioner was determined and its movement re-
sistance caused by turbine steering blades was 
estimated. Figure 8 shows the course of these 
relationships according to the formula 6.1 for 
the loaded Imax1 and unloaded Imax2 of VTG turbo-
charger mechanism with a variable angle of incli-
nation of the turbine blades [7].

This graph illustrates the changes in the 
power consumption of the electromechanical tur-
bocharger positioner until the error code associ-
ated with the air-charging system is registered. 
The graph shows that the current consumption 
of the unloaded positioner increases along with 
the vehicle mileage, which is due to the fact 
that the DC electric motor and the gear work in 
more and more difficult conditions, because the 
interior of the positioner housing is filled with 
the remains of the abrasive wear of the mechani-
cal gear and carbon brushes of the DC motor. 
Moreover, it should be noted that in the range of 
200–250 thousand km of the vehicle mileage, the 
current I2 decreases, which might explain the dis-
placement of the mentioned impurities inside the 
positioner due to the motor vibrations. The man-
ner of distribution of operational impurities inside 
the positioner and their volume, therefore, affects 
the power consumption and, in turn, the increase 
in the current consumption by the load regulator 
Imax1 is affected by:
 • internal resistance of the positioner movement,
 • resistance on the connection of the positioner 

with the turbocharger band,
 • resistance of the steering blade movement.

The following were used to determine the 
percentage wear of the electromechanical turbo-
charger positioner and the percentage assessment 
of its motion resistance caused by the pollution of 
the turbine steering blades:
 • designated range of the correct turbocharger 

operation, a positioner with a load in the func-
tion Imax1 = f(p),

 • range of correct operation of an unloaded po-
sitioner Imax2 = f(p),

 • interpretation of the feedback signal ksz1 posi-
tioner with a load and unloaded positioner ksz2,
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 • the author’s own research determining the max-
imum current consumption of the positioner a2, 
b2 at continuous load; the exceeding of the load 
generates an error code indicating a fault

 • determining the minimum current consump-
tion for a turbocharger positioner with a 
load(a1) and unloaded one(b1).

The following current consumption rang-
es were determined for a loaded positioner: 
a1 = 0.21 A and a2 = 2.33 A, and for an unloaded 
one: b1 = 0.18 A and b2 = 2.33 A. The ranges 
of these currents concern only the analyzed 
Siemens positioner working with a Borg Warner 
turbocharger on an Audi 3.0 V6 TDI engine. The 
percentage estimation of the Orn positioner move-
ment resistance caused by the contaminations of 
the VTG mechanism referred to the designated 
current consumption range a1, a2 of the turbo-
charger positioner which was determined from 
the formula [7]:

 𝑂𝑂𝑟𝑟𝑟𝑟 = Imax1 − a1
a2 −  𝑎𝑎1

× 100% (2)

where: a1 – lower value of the current consump-
tion of the positioner with a load, %,

 a2 – upper value of current consumption 
of the unloaded positioner, %,

 Imax1 – the current consumption of the po-
sitioner with a load, %.

The wear of the Szn turbocharger positioner in 
percentage related to the determined range of the 
turbocgarger positioner current consumption b1 
and b2 was determined from the formula [7]:

𝑆𝑆𝑧𝑧𝑧𝑧 = Imax2 −  b1
𝑏𝑏2 −  𝑏𝑏1

× 100% (3)

where: b1 – lower,
 b2 – upper value of the current consump-

tion range of the unloaded positioner [A],
 Imax1 – current consumption of the load-

ed positioner in [A].

Test results 

Figures 9–11 show the results of the measure-
ments of the author’s own diagnostic parameters 
of the electromechanical turbocharger positioner 
with a variable angle of inclination of VTG tur-
bine blades [7].

They contain the percentage estimation of 
the wear level of the Szn positioner and the re-
sistance of the Orn, positioner movement, which 
are the result of the pollution of blades with 
abrasive products and deposits from the com-
bustion process inside the engine. Figure 9a 
contains the diagnostic parameters of the un-
loaded positioner, which provide the minimum 
current Imax = 0.18 A and the wear of the posi-
tioner Szn = 0.2%. Fig. 9b) shows: Imax = 0.21 A 
and resistance of the positioner movement Orn 
= 0% for a loaded positioner. There were 80% 
of feedback signals in both cases and they were 
included in the assumed range of 20–80%. The 
turbocharger and the positioner were new and 
fully operational. In Figure 10a and 10b, the 
tester displayed similar parameters for the un-
loaded positioner a) and the loaded one b) at a 
vehicle mileage of about 280,000 km. The tur-
bocharger operation was correct. The degree of 
the positioner wear was 5%, and the resistance 
of the positioner movement was 6%. The feed-
back signal in both cases was 80%, which was 
acceptable. The Figures 11a and 11b contain 

Fig. 8. Summary chart of the current consumption of the loaded (Imax1) and unloaded (Imax2) positioner 
of the turbocharger VTG depending on the vehicle mileage (p) [7]
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measurements taken at a vehicle mileage of 
about 3 245 000 km. At this vehicle mileage, 
the tester detected the positioner malfunction, 
which confirms the value of the feedback signal 
equal to 100%. It has been saved in the diagnos-
tic memory of the combustion engine controller.

CONCLUSIONS

On the basis of the author’s research conduct-
ed in the process of operations of the positioners, 
some processes were noticed and they were used 
in the construction of the new tester.

These include:
1. Impurities as abrasive products in the turbine 

steering wheel blade position control system 
adequate to the vehicle mileage; they can in-
crease the movement resistance and cause 
an increase in Imax current consumption by 
the electric motor of the the positioner con-
tol system. It can be used as a new diagnostic 
parameter.

2. Stating the fact that it is possible to determine 
the area of acceptable factor signal values un-
der the arranged test conditions by replacing a 
given factor with a resistive element and grad-
ually changing its resistance. The engine man-
agement system has self-diagnostics, which 
allows the registration of error codes when the 
sensor signal exceeds the allowable value. This 
can be used to recognize the area level of the 
allowable sensor signal values in case it is not 
provided by the engine manufacturer.

It should be pointed out that further research 
in this area should be continued in order to search 
for further diagnostic parameters, with the exten-
sion of the vehicle mileage during its lifetime, es-
pecially in relation to trucks. Their mileage often 
exeeds one million kilometres. The diagnostic ca-
pabilities of the tester should be expanded to in-
clude further procedures and functions that would 
also allow the diagnostics of a pneumatic valve-
controlled turbocharger with a turbine blades po-
sition sensor.

Fig. 10. Diagnostics of the unloaded (a) and loaded (b) turbocharger positioner carried out at a vehicle mileage 
of approx. 280,000 km (correct operation of the positioner) [7]

Fig. 9. Diagnostics of the unloaded (a) and loaded (b) positioner carried out with a new turbocharger 
(minimum current measurements) [7]

Fig. 11. Diagnostics of the unloaded (a) and loaded (b) turbocharger positioner performed at a vehicle mileage of 
approx. 324.5 thousand km (defective positioner) [7]
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