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Summary. Turboprop engines are commonly used in mediumdsghort-haul airliners, where they
have a significant fuel efficiency benefit over gentional turbofan engines. These units have
therefore a constant interest in aviation develogmEhe goal of the presented paper is to desthnde
development of an enhanced data acquisition systerh has replaced an old one, which had
significantly restricted capabilities. The newlysdmed system is intended to be used in both
education and research; consequently it must presyeral state-of-the-art features. Therefore the
system has been based on a National Instrumentsru$Bunctional data acquisition device, which
does not simply allow the measurement of the patensmdut provides the interface for controlling the
engine as well. In order to improve visual intetptien of the measured signals, the software has be
elaborated in NI LabVIEW environment. For enhandet#raction of the user, the old up-down
control of the throttle lever has been extendedh &itproportional control as well. The authors have
conducted sample measurements using the new sietarify correct operation.

Keywords: gas turbine engine; turboprop engine; data adenssystem; gas turbine test
bench; LabVIEW

1. INTRODUCTION

The aim of this article is to present a newly depeld data acquisition system that replaces a
former version with strongly restricted possibd#i The intent of the authors was to design anid bui
such a system which can satisfy the various anehafifferent demands of both educational and
research purposes.

Although medium-to-long-haul aviation almost exohe$y relies on high and ultrahigh bypass
ratio turbofans [1], the aircraft used in regioaal transport are still driven by propeller; mostly
turboprop configurations due to the favorable peteeweight ratio of gas turbine engines and the
superior propulsive efficiency of propeller in thederate subsonic velocity range [2]. Due to their
relatively wide usage it is important to conductieas researches in order to improve these power
plants, as well as to incorporate them into thecation of aeronautical engineers [3].

Turboprop engines have different major mechanicalfigurations. In the past, the first types
featured a single shaft, on which an oversizedirterlwas responsible to drive its own compressor
and, furthermore, the propeller through a reductiearbox [4]. This structure did not give enough
flexibility, as the efficiency had to be improvatinecessitated larger compressor pressure ratis, T
in turn, has led to divide the rotating assemblyniore than one shaft, separating the propelleedriv
system from the power section, which, sometimesal$® called as gas generator, regarding the
primary function to develop high energy gassesrteedthe free power turbine and produce shaft
power to move the propeller finally [5]. This lattehe multi-shaft configuration is spread more
widely nowadays. Depending on the complexity of¢bmpressor, the power section itself can be of a
two-shaft configuration; in this situation, the quete engine has three shafts. Despite the cohstant
growing complexity, the improvement of the fueli@fncy necessitates these design considerations.
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At the Department of Aeronautics, Naval Architeetand Railway Vehicles of BUTE there is a
gas turbine test bench using a Klockner-Humboldit®er216 type turbine engine developed for
producing shaft power. It is of a single-shaft ¢gufation, which is not considered up-to-date
nowadays; however, the possibility of investigatarthermodynamic cycle and conduct research like
enhanced control systems makes it a valuable desgé¢here is a constant demand on micro gas
turbine power plant research [6-8], also in suclemrging fields like renewable fuels [9].

2. DESCRIPTION OF THE DEUTZ T216 TEST BENCH AND ORIGINAL DAQ SYSTEM
2.1. KHD T216 gas turbine engine

The Klockner-Humboldt-Deutz T216 is a multifunctidrturbine engine developed for various
fields of the industry: to provide emergency elealr supply for safety-critical applications like
hospitals, drive pumps for fire fighting vehicletc. For this reason, considering the basic operati
conditions on ground, it was not a primary goahthieve excellent power-to-weight ratio, in cortras
to aircraft propulsion systems. This also necegsita minimized maintenance requirement as such
operators would not be able to correspond to ge@inical orders commonly used in aviation. On the
other hand, it has been developed to accept diffefigels not limited to aviation kerosene but
including Diesel fuels. Its design features highbitity as well, adding a further benefit to the abo
mentioned ones [10].

All of the above mentioned properties of the enginake it especially suitable for university
installation in order to involve it in both eduaatiand research as it has been reported in [11;12].

The sectional drawing of the single-shaft gas heldan be seen in Fig. 1. It features a centrifugal
compressor with a pressure ratio of 2.8:1 at nohoparating conditions, which is 50000rpm shaft
rotational speed. There is a single combustion tlearof a tubular configuration. The radial turbine
drives the compressor and the reduction gearbowloch the engine accessories as well as the main
output shaft. The system includes a flyweight gogerthat keeps a constant rotor speed determined
by the throttle lever. There is an autonomousisgudnd ignition system including a three-phase AC
starter motor and a spark generator delivering highage pulses to the single igniter plug.
Lubrication to the bearings and gears in the gdsrte as well as in the reduction gearbox is predid
by a pump unit driven through the gearbox itse®[1

P T
Figure 1 Longitudinal section of Kl6ckner-Humboldt-Deutz Tturbine engine (based on [10])

2.2. Original data acquisition system

The original data acquisition equipment was alrgattlysed out at the time of creation. It was built
around a personal computer featuring a 386 proce3s® analog-to-digital conversion has been
accomplished by an Advantech PCL-818 card. Althailghhardware had already several limitations
due to its obsolescence, the largest problem atgdthfrom the software.
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The original DAQ software allowed basically statieeasurements consisting of ten seconds
stabilized operation at a selected regime. There avstrongly limited possibility of transient prese
measurement; it allowed recording of a 5.5s pevidtth a sampling rate of 18.2Hz. This reduced
capability was not enough to carry out detailecestigations. Furthermore, the program did not save
the measured data automatically; hence there \Wwaghaate of data loss [13].

2.3. Measured parameters

The original configuration already allowed the mgament of several parameters, which are
related to the operation of the gas turbine engine.

Five pressures and temperatures were monitoress-sections depicted in Fig. 1. These are the
ambient (station 0), compressor inlet (statiorchjnpressor discharge (station 2), turbine inlettih
3) and turbine exhaust (station 4). It is also viemportant to measure rotor speedand the load
torque Misad. In the evaluation of a gas turbine the fuel comstion is of high priority, which is
provided using a collector tank. The collector téwals a solenoid valve to the main tank, which feeds
fuel to the collector tank by gravity if the soléds controlled open. If the solenoid is closdw gas
turbine consumes the fuel from the collector tamkpse weight can be measured with a strain gauge.

Air mass flow rate is another important figure aelsgurbine operation. In industrial applications —
both aviation and land-based ones — this paramstaerormally not measured, but for deeper
investigations it is beneficial to monitor. Thenefaan inlet orifice has been applied to the aiaket
duct that creates a pressure drop proportiondigdlow; this pressure differential, called s, can
be measured by a further pressure sensor.

In the original configuration the position of therdttle lever was only monitored by three limit
switches: the minimum position one is responsiblestopping the gas turbine operation by biasing
the governor to cease fuel supply; the second swatoh determines the idle position and the last on
is dedicated to maximum rotor speed condition.

3. DEVELOPMENT OF NEW DATA ACQUISITION SYSTEM
3.1. General concepts

All the above mentioned restrictions of the fornsistem have led to the need of complete
redesign of the data acquisition.

The goals were to improve system functionalityjenms of sample rate, user-friendly solutions
like automatic saving of the measured data, befimualization of the information for real-time
interpretation of the data.

As the authors have several years’ knowledge inVIlBW programming environment as well as
various National Instruments data acquisition dewjcthe choice was made for this software
supplemented by an NI USB-6218 multifunctional unit

3.2. New hardware for data acquisition

The NI USB-6218 multifunctional device has severdvantages, which were taken into account
during selection phase. It does not simply incl@@eindividual analog inputs but also features two
digital-to-analog converter channels, eight digigluts and eight digital outputs as well. Soméhef
digital inputs can be configured as counter inpwisich is very useful in rotor speed measurement.
The digital outputs can be used for controlling 4state devices around the test bench, e.g. fuel
solenoid valves, starter motor, etc. [14]

Due to the USB connection and advanced driver folL&dbVIEW it is quite easy to set up a
measurement with the device. However there arerakwmused inputs currently; the impending
improvements will surely require the possibility Extension, which is already present.
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The device allows an aggregate maximum sampleofa®50 thousand samples per second, i.e.
with approximately twenty channels in use the oveampling can reach up to 10 thousand complete
cycles per second. This means a nearly 500 timgerfalata acquisition in contrast to the initial
system that allows the deeper insight into quitkarsient processes as well.

The resolution of the unit is 16 bits, comparedhi® PCL-818, which featured a 12-bit analog-to-
digital converter. This significantly improves thecuracy as well: differential nonlinearity is @G$¢
significant bits; integral nonlinearity is 76ppnygeeding the full scale, i.e. in a maximal £10V rang
only means an error of 1.5mV. Taking into accoumins other important sources of error like
conversion noise, gain error, zero offset erroe, tiaximal absolute error of the measurement lies
around 2.7mV, which is reasonably small [15].

It is important to illustrate the layout of the dmels that are currently in use. This can be seen i
Table 1.

Table 1 Channel layout of NI USB-6218

Pin number Fa}ctory S'gﬂa! Pin number Fa_lctory S'gf‘a!
designation description designation | description
1 PFIO / P0O.0| Throttle at idlg 33 PFI8 / P0.4 Throttle at idle
High pressure
2 PFI1/P0.1 Rotor speed 40 PFI14 /P1.6 shutoff solenoid
Throttle cutoff Low pressure
3 PFI2 /P0.2 position 41 PFI15/P1.7 shutoff solenoid
4 PEI3 / PO.3 Throttle fl_JI_I 47 Al16 Throttle position
power position (analog)
Throttle up
6 PFI4/P1.0 digital 49 All7 Po
Throttle down
7 PFI5/P1.1 digital 50 Al25 4p2
Collector tank
8 PFI6 /P1.2 solenoid 51 All8 4psz
9 PFI7 /P1.3| Starter motor 52 Al26 APmp
Throttle down
12 AOO analog 53 All9 4p1
Throttle up
13 AO1 analog 54 Al27 Aps
24 Al4 T 56 Al20 To
. Collector tank
25 All12 T2 63 Al23 load cell
26 Al5 Ts 64 Al31 Output torque
27 Al13 T4

3.3. Operating software in LabVIEW environment

Due to several successful applications in the dattethe software NI LabVIEW has been chosen
to realize the operating program for the data aitjoin system. This environment basically differs
from traditional programming languages as it feagua graphical programming interface rather than a
conventional text-editor interface. This alone ease up the process of software design; furthermore
the support for device drivers can offer an addalsignificant advantage.

The program in LabVIEW environment is composedved tajor parts: the Front Panel and the
Block Diagram. The former acts as human-machinerfiate; here different types of controls and
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indicators can be placed according to the demahdagayaction with the user. The latter replaces th
traditional text editor source code; it containgde® that are connected with wires to carry the
information among them [16].
In the presented work the software’s main goallmmsummarized as follows:

e collects data from DAQ hardware;

« accomplishes transformations from raw data to maygroperties;

* indicates the results of conversion on the FronePi real-time;

e saves the data immediately to mass storage ofastecbmputer.

These steps are provided mostly by built-in fundior factory-supplied device drivers. The data
storage is emphasized in contrast to the origieasion, which is automatically scheduled in every
main cycle in order to ensure minimum chance ohdass. Data are saved in a plain tabulator-
separated text file, which can easily be read aodgssed by spreadsheet software.

In Fig. 2, one can see the layout of the Front Pan&in view, labelled as “Turbine”. It shows a
schematic sectional drawing of the gas turbine loe tight side, which surrounded with the
thermodynamic parameters from each main aerodynataton. The main fuel supply components,
including the collector tank, which contributeshe fuel consumption measurement, are also depicted
near the right top corner. In the centre of tharégthe main control pushbuttons can be seen: trese
dedicated to operate the following:

e starter motor, which drives the ignition as well;

» high pressure shutoff valve for fuel supply to tieenbustion chamber;

* low pressure shutoff valve that enables fuel flowhe fuel pump;

» collector tank inlet solenoid, which is automatigadontrolled by the software to facilitate
the measurement of fuel consumption.
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Figure 2 Front Panel of LabVIEW software

There are also the main symbolic gauges found etefh side in Fig. 2. These are the rotor speed
and exhaust gas temperature, load torque and power.

For throttle control, the program provides two eliefint ways of movement. The original solution
consisted of two relays, which were able to contleetDC power to the throttle positioning motor in
the straightforward and reverse order resulting“throttle up” or “throttle down” movement,
respectively, until the user keeps the control dngtpressed. This simulates the original hardware
configuration that realized the same operation itiasical pushbuttons.

There is an important improvement that is alsoildetan the next subchapter. The related control
and indication can be found in the left top corokFig. 2, where a linear indicator labelled “POS”
and a linear control called “CMD” can be seen. Timisorporates an automatic control, which is
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realized by the software of the block diagram aasl the role to maintain the throttle position sieldc
by the user. See details in subchapter 3.4.

The operating program incorporates several othectifons, which are not visible all the time.
These features can be accessed if the user séledebs on the left: either Settings or Raw dEte.
former allows the user to adjust coefficients ahggical channels for different inputs, and otherma
parameters for the data acquisition. The latteblesathe inspection of raw inputs of all channals i
order to allow for debugging and calibration.

3.4. Automatic control for the throttle positioning motor

Probably the most important improvement of theaysis the extension of the throttle positioning
system. The original configuration, as it has bstated above, was built on an “up-down” control by
manual operation of the throttle positioning matatil the required rotor speed has been reached.

The new concept was to improve the throttle pasitio with an automatic control that allows the
user to select a throttle position (rotor speeapseding to the needs, and the system will contrel t
motor until the required position is reached. Tin@lementation of this change required several steps
detailed below.

First of all, the throttle position has originallyeen monitored by only three limit switches
regarding different notable positions as cutoffe idnd maximum power. For a proportional control
one needs the feedback from the entire range adltr&herefore a potentiometer has been instafied i
the vicinity of the throttle lever that is drivey the electric motor. A pushrod provides the medan
connection between the two; the potentiometer leas ltonnected to A/D channel No. 16 of the NI
USB-6218 DAQ unit.

All automatic control concepts (e.g. PID, which ha@en selected by the authors) generate a drive
signal that is proportional to the error betweetualcand reference values. If the user moves the
control on the screen to the required throttle gmmsithe software will operate the motor in the
required direction with a speed proportional to #xtent of the deviation of the actual from the
reference. That means, not only the direction ef dperating voltage but its magnitude shall be
controlled as well. For this reason, an H-bridge been designed [17]; the layout of the circuit lban
seen in Fig. 3.

Figure 3 H-bridge circuit electrical schematic

The electric motor, which moves the throttle levesnsumes nearly 2A current from 12VDC
power supply. This is the extreme condition whi@s lbeen considered during the design of the H-
bridge circuit. For this reason, Darlington tratwis of type BD649 (NPN) and BD650 (PNP) have
been selected. These feature an 8A maximum curatimg at an ultimate 100V collector-emitter
voltage. At the design stage already it has beeednthat the NI USB-6218 has only two analog
outputs that can be used as control signal fortrfwesistors. Therefore the H-bridge must contain
Zener diodes to allow for common control of tratwsis on the same side, which are working opposite
of each other.

The Zener diodes labelled as D1 through D4 have bekected to allow for a neutral zone of the
control voltage around half of the supply voltadhis is required to ensure both transistors of the

ISSN 1339-9853 (online), acta-avionica.tuke.sk NS835-9479 (print) © 2017 LF TUKE



8 K. Beneda, D. Simon

same side are controlled off safely, within the ddésnd of approximately +2V no operation is
supposed. If the control voltage falls below thedo threshold, the upper PNP transistor opengian t

opposite case the NPN transistor will conduct. itstnbe noted that this circuit is working in a
proportional manner and not only in switching-mode, a small deviation from the threshold voltage
will result in a reduced current supply causingavsmotion of the motor. If quicker movement is

required, the transistors can be opened more. ¥$tera allows a maximum speed of throttle lever
motor that would drive the lever through the falhge within 3 seconds.

The diodes D5 through D8 are protection diodes #fiaiv the motor current to decrease if the
transistors are suddenly controlled off. One cappese the motor acts as a large inductance that
would result in a voltage surge without protectiiodes.

The initial state of the circuit is such that batintrol voltages CV1 and CV2 have a common 6V
level, which corresponds the middle of the deaddbamone of the four transistors is opened, no
current flows in any direction through the motor M1

In normal operation, the complementary deviceshefdpposite sides are controlled together, i.e.
the control voltage CV1 is in a reverse correlatoth CV2 to act on the required transistors. Iseca
of throttle lever up motion, Q1 and Q4 are conewjlin the reverse direction Q2 and Q3 shall operat

During the design of software control it has bexk@h into account that the controller will pradtica
have an effect on the speed of the motor, meanuigldeedback monitors the position, i.e. it alyead
incorporates an integrator and helps to elimintecserror. Therefore a simple proportional coniras
been designed to the speed of the throttle positiomotor. As preliminary measurements have
confirmed, the motor speed is negligible below 3vpr supply, the range between 3V and 10V has
been selected, also taking into account an appedglgn 1V saturation voltage of the transistors. A
reasonably small static error of 1% of travel raisgeonsidered, outside of this region the motaitrcd
voltage increases proportionally with the errore Tontrol voltage of the system is depicted in &ig.

-
b

~

=
Q

Control Voltage, V

4 \

Y

-40 -30 -20 -10 o 10 20 30 40
Deviation, degrees

Figure 4 Transfer function of control system

4. MEASUREMENTS FOR VALIDATION

Several measurements have been conducted in orderity correct operation of the system.

Firstly, the authors have calibrated the sensoth given physical references of the respective
type, i.e. pressure, temperature, etc.

As the static test of the sensors has been finjshedduced system test was performed using the
starter motor. During the dry crank inspections\thset majority of the probes have been thoroughly
verified.

The automatic throttle position control requiredli@idnal testing in hardware and functionality as
well. Finally, a complete engine run has been paréal in order to validate the cooperation of system
components altogether.

In Fig. 5 one can see how the various engine pasamare changing during a test run. Several
rotor speeds and different output power values Hzeen provided to illustrate the deviations in
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specific parameters. Rotor speed is the solid ilnEig. 5, output power is represented by narrow
dashed line; temperature of compressor dischagdeig shown as wide dashed line, turbine inlet
temperaturet{) is a dash-dot line, finally, turbine dischargenperature t¢’) is indicated by dotted
line.

From the beginning of the measurement, the stadirige gas turbine engine can be seen. Turbine
discharge temperature reaches a peak approx. 110€ig@ificantly above the turbine inlet
temperature. This is a strange situation as noyntiadi latter should always exceed the former ook, b
one should mention that these data have been w@ileng the starting, in which the combustion
process can continue throughout the turbine asvbeall air mass flow rate across the engine iy ver
small. During the normal operating range the nomaktionship between the two temperatures can be
found. It must be also noted that there is a sitigdemocouple that measures each temperature, i.e.
they can be accidentally placed in adverse point®w-uniform temperature distribution.
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Figure 5 Engine test run temperature and power data

In Fig. 5 there are several steps in rotor spdesl; tepresent the different operating conditions.
Immediately after starting the engine, it was ragnin an idle condition at 40000 rpm, until the gas
temperatures have stabilized at their respectilgesa From this point acceleration to 45000rpm has
been conducted, which had a longer time for datmiaition, as the hydraulic brake unit was started
(filled with liquid) at this time, and net outpubywer has increased from zero to 15kW. Braking terqu
has been adjusted several times in order to ch#mgeoutput power of the unit, which can be
evaluated in Fig. 5. Afterwards, the nominal sp@£db0000rpm has been tested as well. After
completing these dedicated operating regimes,rigame has been run at 45000rpm and finally an idle
speed of 40000rpm has reached where the hydrardieebwas evacuated thus the braking torque
dropped to zero and gas temperatures were abkalidize at moderate values. After shutting down
the engine a significant cooling period was perfedmsing the starter in a dry cranking mode.

In Fig. 6 one can evaluate the engine test rundbasedifferent pressure related ratios. This
diagram shows the rotor speed as well, it has beesformed to a normalized range relative to the
nominal 50000rpm in order to fit into the rangesdidy the other variables. Thus one can compare
the results with Fig. 5.

As a logical order of measurement points, firsiais mass flow ratem that is derived from
differential pressure measured at the inlet orifftehows a strong proportional correlation wittor
speed, as the dash-dot line of Fig. 6 indicatesoi®k variable is compressor total pressure rafio
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which proportional to the square of rotor speeds Dime is shown with dotted line. Another important
factor of the gas turbine engine is combustion dfempressure recovery faciesc, represented by a
dashed line in Fig. 6. It shows a minor changerduthe initial cold phase of starting, and reduces
drastically as the combustion process takes plageng running conditions, it depends slightly on
various factors, however, it can be seen that anmagtion of constantcc would not hold. The last
indicated parameter is represented by a dashedhliR@y. 6, that is engine pressure ratio (EPR) tha
equals to the ratio of turbine discharge and cosgmeinlet pressures. It does not show a significan
change until the hydraulic brake is applied, ineotivords, it reflects the net output power, asit be
compared to power curve in Fig. 5. Therefore EP&Hdbe used as a parameter describing the actual
power setting of the engine similarly to variousbtjet and turbofan engines that use EPR for
controlling thrust.
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Figure 6 Engine test run pressure data

4. CONCLUSION

In this article the development of a turboprop eegiest bench has been detailed. It is not only
featuring a brand new data acquisition system wsitnificantly extended capabilities, but also
includes such modifications that allow for easierparation and realization of various test schedule
of both industrial and educational approaches.

The most important new functions include automatige of the measured data minimizing the
chance of data loss, enhanced motion control ofthihattle positioning motor, forming a compact
DAQ system satisfying up-to-date demands of gdsrtarmeasurement.

The test bench has been evaluated via numerousesngis, which have shown the evidence of
superior capabilities over the former configuration

The system improvement cannot be considered ag Eiaished. There exist several ways through
which further development and extension could been&or example, the authors have encountered
extreme exhaust gas temperatures during startiigeoéngine; meanwhile turbine inlet temperature
has not reflected the problem. This symptom caexXained by the insufficient air mass flow rate
due to low rotor speed, but could be determinedlatails if at least four EGT probes would be
installed in the turbine exhaust section. Improvehtan be done in extending the sensor network to
provide more information about engine parameters.
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