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Abstract

This paper deals with the experimental modal analysis ofcéimedy controlled scaled labora-
tory model of a flexible metro vehicle car body. To investeggatich a control system a 1/10-
scaled laboratory model of a metro vehicle car body has be#t Gontrol forces are applied
to the structure by two piezoelectric stack actuators medint specially designed consoles,
which are bonded to the side members of the structure. Thbaxhr itself is suspended in a
test bed frame by four coil springs to obtain a free-free saswn configuration. An electro-
dynamic shaker is used to generate broad band excitatioagpwhich in real operation enter
the structure at the application points of the secondargenuson system. The state feedback
controller and the observer are designed by an LQR-base@dlmailghting procedure imple-
mented in Matlab/SIMULINK. To investigate the reductiontbke amplitudes of the shaker
induced vibrations a non-contact measurement utilizirasan scanning vibrometer is applied.
In order to verify the achieved performance, open and cldseg disturbance-displacement
transfer functions and the mode shape corresponding tdfispeatural modes are identified by
an experimental modal analysis. Since the ride quality imiypanfluenced by the lowest global
vibration modes, the investigation is focused on the firstitmal mode and a low vertical bend-
ing mode of the car body.

1. INTRODUCTION

Improving ride quality advances to be a central concern wrelbping lightweight railway ve-
hicles. There are numerous approaches, such as active mnace/e control, acting usually
on the secondary suspensidh. [For lightweight railcar bodies, the structure naturalfuen-
cies reach down to ranges deteriorating perceived passadgecomfort seriously. Thus our
objective is to damp specifically these structure modesguaatuators and sensors directly at
the flexible structured], [3], [4]. This paper presents an experimental modal analysis adla sc
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metro vehicle car body, which is activdbgingcontrolled. It is experimentally shown that active
vibration control increases the modal damping of selecéaedbody vibration modes.

2. EXPERIMENTAL SETUP

2.1. The investigated structure

The investigated structure is a 1/10-scaled laboratoryatafch heavy metro car body, designed
as described irf]. It has a length o2.5 m and a width and height &f25 m (Fig. 1). Additional
lumped masses were mounted at twelve positions in the mfmiel4t each end and in the mid
span position) to tune the frequency characteristics ofstteded model in order to preserve
the relationship between frequency content of the exoitedind the eigenfrequencies of a real
(1/1-scaled) metro vehicle car body.

Figure 1. Scaled laboratory model of a heavy metro vehialdody (1/10)

2.2. Experimental modal analysis setup

In order to obtain experimental modal analysis results outhnterferences due to ambient
excitations the measurements were conducted in a vibrestdeited lab. The scaled laboratory
model was suspended by four coil springs and excited witld hiamted white noise (Fig2).
The excitation force was measured with a piezo-electrio@rs; (Fig. 3).
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Figure 2. Experimental modal analysis setup

For these investigations a non contact measurement of tloelmesponse with a laser
scanning vibrometer (OFV 300, Polytec) was chosen. Usimgiapmounting interfaces, the
model was positioned in such a way, that the roof of the cay laodl the longitudinal axis of
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the scan head of the laser scanning vibrometer are perpgad{€ig. 2). A total amount of
156 measurement points were chosen resulting in a measoiréme of about 35 minutes and
a frequency resolution 6f8.2 mH z. For good diffuse reflection conditions of the aluminium
surface it was covered with a thin chalk layer.

2.3. Controller setup

The depicted control system in Figincludes an acceleration sensor to check for the achieved
performance, a force sensor to measure the excitation g@oerated by an electro-magnetic
shaker and two piezoelectric patchés @nd.S; type: M2814P2, MFC) non-collocated with
the actuators (Type: PSt 150/14/40 VS20, max. force gaperat kN). The output of these
patches are used as feedback signals. Two piezoelectckssfd, and A,) are utilized in a
special type of consolé].

Figure 3. Application of the actuators and sensors on thestiyated structure

After low-pass filtering of the acceleration and the forgmsis, all measured signals are
passed to the measurement amplifier which is interconnewitbxdthe laboratory PC. In this
PC the controller is implemented utilizing the Windows R&ahe Target Toolbox of Mat-
lab/SIMULINK. Finally, the control loop is closed by pasgithe amplified control variables to
the actuators.

3. ACTIVE VIBRATION CONTROL DESIGN

The vibration control is developed in subsequent modeltegss Initially, the real system is
being identified using well-conditioned signals. The réagl mathematical model is of high
order and has to be reduced to enable effective controlgdeThe relevant modes are con-
densed into a low-order model, and an LQG-controller (L@Reda controller and Kalman state
observer) are designed. Finally, the controller is vaédaigainst the high-order model before
being applied to the real system.

3.1. ldentifying the actuator-sensor transfer functions

The transfer functions from each actuator to each sensa ientified as outlined ir8] using
broadband excitation noise signals. Sensor data was |dggedndom excitation (with zero
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mean value and chosen variance as design parameter), boiirig only one actuator as well
as for both actuators. The data set containing both sergrmalsifor excitation by both actuators
was used for transfer function identification, while thegsactuator data sets were used for
validation of the model. Using Matlab’s N4SID identificatialgorithm, a model of order 200
for 2 actuator inputs and 2 sensor outputs was extractedmiduel correctness and quality
was verified by comparing the transfer behavior to trangfection estimates based on the
validation data.

3.2. Reducing the identified system for control design

In order to enable effective control design, the model hasetoeduced to the modes and fre-
qguency ranges of interest for control. An effective way to@st)ly reduce the model order is
presented in3|.

From a preliminary mode shape analysis the modes of intesesbntrol can be iden-
tified. In this work, the first torsional mode gt = 71.8 Hz and a main bending mode at
f =91.3 Hz were selected. The first bending mode lieg at 65.5 Hz (as mentioned inJ)),
but cannot be observed sufficiently well in the free-freediiag configuration by the sensors.

The first reduction step is to keep only the poles correspuntb the selected modes.
Then, a balanced realization of this system is computed Yields a system with equal and
diagonal controllability and observability gramians, athare also equal to the Hankel singular
values []. Low values correspond to unimportant modes that can bleciegl without affecting
system behavior significantly. This way, a reduced modelrdé&o6 can be extracted from the
order 200 model identified from measurement data which captihe main vibration modes of
interest. The reduced model contains in our case three mbdeause the bending mode lies
very close to a local roof sheet vibration mode. In order toidwinwanted excitation of this
mode through nearby controller action, it is included intd@uced model and thus included in
the control design objective.

3.3. LQR control based design

The LQR-based modal weighting controller and an approprséate observer was designed
to control the selected vibration modes. A wide range ofdiigre exists for designing LQR-
controllers and Kalman state observers, ef. YWhen the assumption of white noise with
known properties holds, this methodology yields the opticaatroller, known as LQG con-
troller, with respect to a weighting criterion below. L&be the system, subject to white distur-
bance (process) noige; and white measurement noisg:

T = Ar+ Bu+wy Q)
y = Cr+w, (2)

The noise signals are assumed to be uncorrelated, zero-@eassian stochastic pro-
cesses with constant and known power spectral densitycaatii andV [7].

Using a Kalman state observer, the system states are reactest from the measure-
ments. The objective of the LQR design procedure is to deterian optimal input signal(¢)
such that

J, = /O h (z(t)"Qx(t) + u(t)" Ru(t)) dt (3)



ICSV14 « 9-12 July 2007 « Cairns « Australia

is minimized. The optimal solution is the linear state festk () = — K,.z(t) (see []), where
K, = R'BTY,,andY, = YT > 0is the unique positive semi-definite solution of the algabra
Riccati equation

ATY, +Y,A-Y,BR'B"Y, +Q = 0. (4)

Then the weighting matriXt = I}, is set and the state weightidgas outlined below
is computed. To achieve a desired modal damping, a diagedalveighting matrixX is used,
containing per-mode weights along the main diagonal.

01
X = (5)
On
Then the equivalent matrix can be defined
Q=8.X5.",

where S, contains the: linear independent eigenvectors of the reduced systenmeoluvise.
Finally, a real and symmetric matrix

Q=0Q7¢Q (6)

was used as weighting matrix for the state-related partarotfjective functiongJ).
Widely the same methodology can be performed for desigmadialman state observer,
which results from solving the Riccati equation

Y, AT + AY, — V,.CTV IOy, + W = 0. (7)

The unique positive semi-definite solutidfh = Y,/ > 0 leads to the Kalman filter matrix
Kf = YkOval.

In Matlab, the design procedure is simplified by using the-dlgmmand (discrete LQR
design). In state space notation, the controller can thewibeen as:

iy, = (A—=BK—-H"C—H"DK)x,+H" u, (8)
w = Ky 9)
wherey, = u, u, = y The controller was implemented with a sampling frequency bi .

Verification is done first on the full-order model, and finadlly the hardware-in-the-loop
configuration.

4. EXPERIMENTAL RESULTS

4.1. Verification of desired closed-loop behavior

Before operating the controller on the real hardware, iteisfied to run well on the full-order
model. Prior to assessing the performance of the controhbgrivibration measurements, the
real system closed-loop stability has to be verified. Thegiesl controller is connected to
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the sensor and actuator signal lines in the Matlab/SIMULI&ironment operating on the
real system. The power spectrum densities of the open- as@dalloop sensor signals for a
noise excitation signal with fixed properties are depicte&ig4, showing stable closed loop
behavior and the desired damping in the modeled main viratiodes, while other modes are
not significantly affected.

10 Hardware-in-the-loop verification: open-loop (red) and closed loop (bold black) signal spectra of both sensors
T T T T
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Figure 4. Hardware in the loop verification (open- and cleleeqh)

4.2. Mode shapes of open-loop and closed-loop system

An experimental modal analysis was carried out by directdyasuring the vibration modes with
a laser scanning vibrometer. The excitation force was miedssimultaneously, so the mode
shapes, normalized for the excitation forces, i.e. theesygixcitation-structural response trans-
fer function could be identified. The open-loop and the dele®p response in the frequency
range of interestt) Hz <+ 100 H z) are shown in Fic.
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Figure 5. Average structure response from excitation ftreeof vibration velocity, open-loop (left hand
side) and closed-loop (right hand side)

The first pure torsion mode &fl.8 Hz is strongly damped (reduction of the maximum
magnitude up tq0 %), the first pure bending mode @t.3 H z is significantly reduced as well
(40 %). The bending mode lies very close to several other, hilgltglized modes with locally
high amplitudes (vibrations of roof sheet areas), whichlarp why the control authority and
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the resulting mode damping is lower for this mode. The moa@gpeh of the torsion mode are
depicted for open- and closed-loop in Fgthe bending mode shapes are depicted infFig.

Figure 6. Torsion mode at = 71.8 Hz, left hand side with a maximum deviation 10 nm (open
loop) and on the right hand side a reductionttonm (closed loop)
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Figure 7. Bending mode gt = 91,3 Hz, left hand side with a maximum deviation 60 nm (open
loop) and on the right hand side a reductiorstonm (closed loop)

5. CONCLUSION

This paper describes the experimental modal analysis ot@wel controlled flexible struc-
ture, the 1/10-scaled model of a heavy metro vehicle car.buy results are verified by laser
scanning vibrometer measurements of the car body’s rocatrdn mode shapes, resulting from
broadband excitation through an attached electro-dynahaker.

For active vibration control, two piezo actuators and twezpisensors are mounted on the
car body structure. The actuator-sensor transfer funs@oa identified, following the approach
of [3]. It is demonstrated that by the proposed efficient idemifon methodology an accurate
low-order model for the main vibration modes of interest bardeveloped.

Subsequently, a modal weighting LQR controller and a Kalwlagerver are designed to
damp selected main vibration modes. Its efficiency wasdestehe experimental model.
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Open- and closed-loop behavior is compared, based on sacg@tor transfer function
and on roof mode shape comparison, showing significant &mdplreduction of the targeted vi-
bration modes, despite the presence of closely lying, lipcahcentrated other vibration modes.

Visualization of the mode shapes lead to a good understgradithe system dynamics,
and consequently help to avoid faulty conclusions wheninigalith complex flexible structure
design problems.

Active control of structure vibration is a promising meaosmprove the ride quality for
the passengers and poses an emerging field of researchoftagart robust control theory
shows to be an effective tool to gain efficiency in rail carrapien, by enabling reduced mass
cars with increased passenger ride comfort.

ACKNOWLEDGMENT

Special acknowledgement is dedicated to our colleague @@adf Mr. Sebastian Popprath,
who worked with us in a generous and enthusiastic way - as agypromising scientist he lost
his life due to a tragic incident.

This work was financially supported by the Austrian Federali®ry of Transport, Innovation
and Technology under the FFG project number 809091-KA/HH @i@mens Transportation
Systems.

REFERENCES

[1] E. Foo and R. M. Goodall, “Active suspension control ofiltde-bodied railway vehicles using
electro-hydraulic and electro-magnetic actuato@ghtrol Engineering Practicevol. 8, no. 5, pp.
507-518, 2000.

[2] C.Benatzky, “Theoretical and experimental invesiigatof an active vibration damping concept for
metro vehicles,” Ph.D. dissertation, Institute for Medkarand Mechatronics, Division of Control
and Process Automation, Vienna University of Technologystiia, 2006.

[3] C. Benatzky and M. Kozek, “An identification procedure toscaled metro vehicle - flexible struc-
ture experiment,” European Control Conference (ECC) 2808, Greece, Jul. 2007, submitted to.

[4] T. Kamada, T. Tohtake, T. Aiba, and M. Nagai, “Active \altion control of the railway vehicle by
smart structure concept,” itBth IAVSD Symposium - Poster Pape3sBruni and G. Mastinu, Eds.,
2005.

[5] S. Popprath, C. Benatzky, C. Bilik, M. Kozek, A. Stribkysand J. Wassermann, “Experimental
modal analysis of a scaled car body for metro vehiclesPiioceedings of the 13th International
Congress on Sound and Vibration (ICSV,1B)I. 2-6, 2006.

[6] C. Benatzky, M. Kozek, and C. Bilik, “Experimental cookrof a flexible beam using a stack-
bending-actuator principle,” iRroceedings of the 20th Scientific Conferendanoi, Vietham, Oct.
2006.

[7] S. Skogestad and I. Postlethwailéultivariable feedback control John Wiley & Sons, 1996.



	Introduction
	Experimental setup
	The investigated structure
	Experimental modal analysis setup
	Controller setup

	Active vibration control design
	Identifying the actuator-sensor transfer functions
	Reducing the identified system for control design
	LQR control based design

	Experimental Results
	Verification of desired closed-loop behavior
	Mode shapes of open-loop and closed-loop system

	Conclusion

