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Chapter 1

Introduction

Welcome to MACEC 3.2, a program dedicated to modal analysis

Modal analysis of structures consists of three distinct stps: data collection, system identi cation and
determination of the modal parameters (eigenfrequenciesgamping ratios, mode shapes and modal
scaling factors). MACEC is a powerful tool that deals with every step in the modal analysis procedure,
except for the data collection. The inputs to the program areraw measurement data. MACEC o ers
extensive functionalities for the visualization and processing of the data, the identi cation of system
models and the determination and visualization of the strudure's modal parameters. The program
disposes of a graphical user interface (GUI), which makes ivery intuitive and easy to handle.

1.1 What's new in MACEC 3.27?

This section highlights the changes in MACEC 3.2 with respetto MACEC 3.1. The major changes
with respect to MACEC 3.0 and MACEC 2.0 are listed in sections[I.2 and[L3, respectively.

Modal parameter estimation from identi ed nonparametric f requency response functions (FRFs)
or positive power spectral densities (PSDs) has been made possible by adding new functions
and a new GUI. Although this approach yields usually rather rough modal parameter estimates
compared to parametric system identi cation [[7], [9], it is physically very intuitive and therefore
mainly suited for getting a rst, quick idea of the structura | modes before performing a more
detailed analysis, or for educational purposes. Two methosl are supported:

{ Peak Picking (PP), where the modal parameters are identi ed by selectingthe peaks of
the averaged normalized power spectral density function, Wich is easily computed from an
identied PSD * function. This technique is only available for output-only data.

{ Complex Mode Indication Function (CMIF), where peaks of the singular values of the
identi ed FRF matrix as a function of frequency, are selected for estimating the modal
parameters [14]. When applied to output-only data, the singilar values of the PSD matrix,
computed as the sum of the identi ed PSD" matrix and its transpose, are used; the method
is then sometimes also referred to aBrequency Domain Decomposition(FDD). Please note
that modal damping ratios are not provided for these methods as nonparametric damping
ratio estimation is not reliable.

Data import from GeoSIG Miniseed *.msd les is now supported. Multiple les, coming from



Introduction

simultaneous measurements on di erent stations, can be impred at once, and they are auto-
matically synchronized.

New functions have been added so as to support time-domain naal response decomposition from
an identi ed output-only model. The use of these functions i illustrated in a new veri cation
example (section[6.1.B).

Minor functionality changes:

{

{

In the GUI, it is now possible to change the node number and mesurement direction
attached to the di erent channels also after system identi cation and modal analysis. Extra
checks have been introduced in order to reduce the risk of huam errors when node numbers
and measurement directions are de ned for di erent data les at the same time.

The computation of modal transfer norms has been reprogrammed, so that the Systems
Control Toolbox ® of MATLAB is no longer needed for computing them.

1.2 What's new in MACEC 3.17?

The functionality of the stabilization diagram has been largely extended.

{

If real normal modes are expected, a lower limit value for themodal phase collinearity and
an upper limit value for the mean phase deviation can be imposd [4, section A.4.5].

A lower bound can be imposed on the mean phase of the mode shapeThis is helpful
when real normal modes are expected after mass normalizatio

If covariance matrices are estimated, which is possible fothe SSI-cov/ref subspace iden-
ti cation method, upper limit values for the standard devia tions of the eigenfrequencies,
damping ratios, and mode shapes can be set.

The change in modal transfer norm between two consecutive nuel orders can be limited.

When a mode is pointed to in the stabilization diagram, additional information is shown,
such as the modal phase collinearity, the mean phase deviatn, the mean phase, and the
damping and mode shape standard deviations, when available

When a mode is selected in the stabilization diagram, the mod shape is plotted in the
complex plane. For mass-normalized mode shapes, it is pobk to plot them as such or
using the unit modal displacement weighting scheme.

Identi ed and selected modal parameters are now clustered & elds of a single Matlab struct
variable. This choice enhances the exibility of MACEC when used in batch mode, and it allows
for more compact function calls. It a ects most MACEC functio ns in which modal parameters
are involved. These functions have been adapted accordingl

When combining modal parameters from di erent setups, refeence sensors are no longer required
if the mode shapes are mass-normalized.

The function for computing the modal assurance criterion (MAC) values has been completely
re-programmed so as to make it much faster. In MACEC 3.0, the gquare root of the MAC value
was computed instead of the MAC value itself; this bug has bee removed.

A new section has been added to the manual, containing veri ation examples. These examples
serve two purposes: (i) demonstrating how the MACEC functians, which are explained in chapter
[, can be employed directly, without the GUI, and (ii) verify ing the performance of MACEC by
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comparing the obtained results with analytical solutions a benchmark results reported in the
literature.

The MACEC function propmodpar4.mhas been extended so as to allow the computation of the
modal parameters of acontinuous-time state-space model.

The format of the sensor de nitions les has been changed, ad the selection of displacement,
strain, and velocity sensors from the le is now supported inthe GUI. See sectiori 3.3 for more
information and an example.

1.3 What's new in MACEC 3.0?

MACEC 3.0 can be used for Experimental, Operational and Combiaed Modal Analysis of structures,
in contrast to previous versions of MACEC, which only dealt wih Operational Modal Analysis.

In Experimental modal analysis (EMA), the structure is excited by one or several measured forces,
the response of the structure to these forces is recorded artle modal parameters are extracted from
the input-output data. In Operational Modal Analysis (OMA) , only the responses are recorded and
the modal parameters are extracted from output-only data. Because the forces are not measured,
an extra assumption is needed: in all existing OMA procedurs, it is assumed that the unmeasured
inputs can be mathematically described as white noise. Whea modal test is performed in operational
conditions, and when in addition to the operational excitation, one or several measured, arti cial forces
are applied, it is called an OMAX test (Operational Modal Analysis with eXogenous inputs) [3].

MACEC 3.0 is a major upgrade of MACEC 2.0. All sections of the program have been tlly re-
designed and many new features have been added, such as:

le management

{ MACEC 3.0 creates a Matlab le named logfile.m in the MATLAB working directory,
which contains all commands that the user calls using the GUIThis le makes it possible
for the user to run MACEC in batch without the GUI ;

{ All les created by the program are in *.mat format, which provides a large data reduction
and more transparency for the user. Only the grid les, slaveles and beam/surface les are
still in ASCII format, as the information needed to create these les is often available as
ASCII| data;

{ MACEC 3.0 makes it much easier to load multiple les;

{ In MACEC 3.0, it is possible to import data from NI LabVIEW *.tdm les and LMS
Test.Lab *.wav les. Formats that were supported in previous MACEC versions can still
be imported.

geometry

{ the de nition of measurement nodes and connections betweethese nodes is now graphically
supported in the GUI so that you can detect related errors in a early stage;

{ surfaces are not longer de ned as quadrilaterals but as triagles, so that a de ned surface
is always a plane surface.

signal processing

{ MACEC 3.0 makes use of Matlab's Signal Processing Toolbox ahof the Matlab toolbox
Sigfun that has been developed at the Structural Mechanics igision of K.U.Leuven [13];
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{ the measurement data that serve as input for MACEC are conveted to an mcsignal object,
on which all signal processing operations are performed.

system identi cation

{ for stochastic subspace identi cation, not only the data-driven stochastic subspace identi-
cation (SSl-data) method and its reference-based gener&ation (SSl-data/ref) are avail-
able, but also the covariance driven versions SSl-cov and $8ov/ref [6];

{ with SSl-cov(/ref), it is possible to calculate covariances on the system estimates [12];

{ combined subspace identi cation is now possible, with the ombined deterministic-stochastic
subspace identi cation (CSI) and the reference-based comnibed deterministic-stochastic
subspace identi cation (CSl-ref) methods [10];

{ the poly-reference least squares complex frequency domafpLSCF) algorithm, also known
under its commercial name Polymaﬂ which has become a standard for both experimental
and operational modal testing, has been added. Determinigt and stochastic pLSCF are
available;

{ the Peak Picking method is no longer supported as simulatiorstudies have shown that it
is clearly inferior to the identi cation methods that are av ailable in the toolbox [7].
modal analysis

{ the stabilization diagram has been extended with a lot of furctionalities, such as: much
more stabilization criteria (damping range, maximum frequency variance, modal transfer
norm) are available, the mode shapes are plotted in the compk plane as soon as a pole is
picked, the stabilization diagram can be saved as a Matlabr.fig le, :::;

{ the modes are automatically scaled to unity modal mass if atéast one force and one output
are measured at the same DOF, otherwhise they are scaled to itrmodal displacement;

{ the animation of mode shapes with surfaces is improved;
{ mode shape animations can be saved &savi les.

1.4 A Matlab toolbox

MACEC is not a stand-alone program, but a toolbox for use with MATLAB ® and the Signal Pro-
cessing Toolbox of MATLAB.

1.5 MACEC and SPICE

MACEC is a part of the SPICE program, but it also runs separately. SPICE coordinates the MACEC
and SASW programs, which both make use of the same preprocesg features.

1.6 Development

MACEC 1.0 started in 1997-1998 as the Master Thesis projectfoBart Van den Branden and Alexan-
der Laquere at the Civil Engineering department of K.U.Le uven under the supervision of Bart Peeters

1LMS PolyMAX is a registered trademark of LMS International
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and prof. Guido De Roeck. Between 1998 and 2001, the programas improved and extended into
version 2.0 by Bart Peeters in the framework his Ph.D ThesisH]. Between 2006 and 2011, the program
was totally re-designed and many new features were added bydwin Reynders in the framework of
his Ph.D. Thesis [9] and subsequent postdoctoral researchesulting in the 3.0, 3.1, and 3.2 versions.
The mcsignal class was originally created by Mattias Scheveels as a part of of thesigfun toolbox
[13]. The class was later incorporated into theMACE@olbox instead of the sigfun toolbox.

Edwin Reynders
Leuven, February 11, 2011.
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Chapter 2

Getting started

2.1

MACEC and MATLAB

Before you can run MACEC on your computer, you need to have a cmpatible MATLAB version
installed. MACEC 3.2 has been tested on MATLAB 7.11.0 (R201®).

Important: In contrast to MACEC 2.0 and older, the 3.2 version requires that you have th&ignal
Processing ToolboX of MATLAB installed.

2.2

Operating system and hardware requirements

MACEC can be used on the Windows® operating system only. Both the 32-bit and the 64-bit versias
are supported.

2.3

Installation of MACEC

The installation of MACEC consists of the following steps:

1.
2.

Install MATLAB on your computer;

Copy the spice31-2011-01a and sigfun-2008-10a folders to your hard disc, for instance to
the directory

C:\Program Files\MATLAB\R2010b\toolbox

Move your license le, namedsplicense.mat , to the license subdirectory of spice31-2011-01a ;
Start MATLAB;

In the main window of MATLAB, choose FILE ! SET PATH . Then click Add with sub-
folders and specify thespice31-2011-01a and sigfun-2008-10a directories or simply

C:\Program Files\MATLAB\R2010b\toolbox

Then click SAVE and then CLOSE.
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2.4 How to run MACEC

After the installation of MACEC has been completed, rst specify the directory you want to work in
by changing the Current directory eld in the MATLAB main window. Now you can start the
GUI of MACEC simply by typing

macec

in the Command Window of Matlab and then pressEnter . MACEC starts up and the main window
of MACEC appears:

JMACEC 3.2

=&

File(s) in se: — Geometry

3

Gricd file

| e

Slave file

| DEX

Beamisurface file

| DEX

— Signal Processing

’ Convert to mcsignal ] [ Process J lAddDOFs]

— Syatem ldertification

Stochastic Subspace V| Apply

— Modal Analysis

[ Modal analysis J ’ Combine setups ]

[ Plot mode shapes ] [ List modes ]

Figure 2.1: The main window of MACEC

You can also call individual MACEC functions (see chapter 4)from the Matlab Command Window
or by running a Matlab *.m le.

2.5 Help and support

This manual provides the main user support for MACEC. It also contains tutorials which clarify the
use of the MACEC GUI. Furthermore, detailed help for the individual MATLAB functions of MACEC

is available from this manual (chapter[3), as well as examplg of the use of these functions in batch
mode (chapter[®).

Important: Please note that for MACEC, no help desk or individud support is available. The manual
and the MATLAB help should provide su cient user support.
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2.6 Bug reports

MACEC has been extensively tested and validated. However,timight be possible that you still
encounter bugs. If so, please report them by email tanacec(at) bwk(dot) kuleuven (dot) be.

2.7 Note for SPICE users

MACEC s part of the SPICE program, which contains besides MACEC also the SASW module for
Spectral Analysis of Surface Waves You can start the SPICE program simply by typing

spice
in the Command Window of Matlab and then pressEnter . SPICE rst starts the MACEC module.

If you have a license for SASW, you can easily switch to the SA® module by making use of the
SASW hbutton at the top of the SPICE main window.

1In SPICE 3.0 and newer, the tools for vibration analysis in th e build environment are no longer available. They are
now part of Sigfun, the signal Processing toolbox of the Stru ctural Mechanics Division of K.U.Leuven. When purchasing
MACEC, you also obtain Sigfun. Please consult the Sigfun user's guide [13] for more information.
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Chapter 3

Structure and conventions of MACEC

By reading this chapter, you will become familiar with the structure of the MACEC program and its
main conventions regarding variable formats, le formats and visualization, and you will learn how to
use the log le.

3.1 Program structure

MACEC is a part of the SPICE MATLAB toolbox, and it makes use of another MATLAB toolbox
developed at the Structural Mechanics Division of K.U.Leuven: SIGFUN. The MATLAB toolboxes
are a set of MATLAB functions that serve a speci c purpose:

SPICE contains functions that allow the user to identify a mathematical system model from
measured data (system identi cation), to perform a modal analysis with the identi ed system
description and to perform a spectral analysis of surface waes from measured data;

SIGFUN contains functions that are useful for the processig of measured signals.

If you take a look at the functions that are available in the SPICE toolbox, you notice that they are
divided into several maps:

GUI contains all functions that are needed to run the SPICE/MACE C graphical user interface;

conversion contains all functions that deal with the conversions betwen data types, for instance
the conversion from measured data in ASCII format to a MATLAB mcsignal object;

mathematics contains all mathematical functions that are useful in sysem identi cation but
not available in MATLAB, for instance for constructing a blo ck Hankel matrix;

modal analysis contains all functions that can be used for the modal analys of an identi ed
system model, for instance for determining the modal paramiers of an identi ed Right Matrix
Fraction Description model;

sasw contains all functions related to spectral analysis of surice waves;

system identification contains functions that can be used for system identi cation, for in-
stance Reference-based Combined Deterministic-StochastSubspace Identi cation (CSl/ref);

@dumnopntains the functions for objects of thedummy type;

11
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@mcsignalcontains the functions for objects of themcsignal type.

The distinction between system identi cation and modal analysis is especially important. Experi-
mental, operational or combined modal analysis as de ned inthe literature consists of three distinct
steps:

1. collection of the data and preprocessing
2. system identi cation

3. determination of the modal parameters from the identi ed system model (modal analysis)

So the term \modal analysis" is de ned at two di erent levels: (i) the whole process of obtaining modal
parameters from measurements (steps 1, 2 and 3) and (ii) theatermination of the modal parameters
from the identi ed system model (step 3). This often causes onfusion, which sometimes results in
mixing up system identi cation with modal analysis of level ii, especially when the di erence is subtle,
for instance when modal parameters are determined directljrom a nonparametric frequency response
function (FRF), identi ed from data. Therefore, the MACEC t oolbox clearly di erentiates between
system identi cation and modal analysis of level ii, both in the function de nitions and in the GUI.

3.2 Variable formats

MACEC makes use of standard MATLAB variable formats as double , char , struct , etc. Consult
the MATLAB help for more information.

In addition, MACEC also allows the user to create mcsignal (multi-channel signal) variables, which
are, from a programming point of view, objects of the mcsignal class. The philosophy behind
mcsignal objects is that they contain all information about the measured data in one single MATLAB

variable. Therefore, mcsignal objects have the following properties:

nch is the number of channels used in the measurement;
N is the number of samples measured;

F is the sampling frequency (in Hz);

df is the frequency resolution (in Hz);

T is the total measurement duration (in s);

dt is the sampling period (time resolution) (in s);

quantity is a cell containing the measured quantities of each channéfor instance acc stands
for acceleration);

sifactor ~ contains the factor which links the measurement units to Sl wits (for instance if the
measured data for a particular channel are accelerations ahthe sifactor equals 10 2, the units
are mnes?);

labels is a cell containing the labels of each channel.
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The properties of anmcsignal object are accessible in two ways: in dot notation or as a comand.
For instance, if you want to know the sampling frequency of anmcsignal object namedcnvdat , you
can use the MATLAB commands}

cnvdat.F or f_(cnvdat)

Objects of the mcsignal type are de ned with the mcsignal command. Consult section[5.]l for more
information about this command and for an overview of all functions that can be performed on objects
of the mcsignal type.

3.3 File structures

3.3.1 Measurement data: ascii, mat, ddf, msd, tdm, wav, and f 32 formats

MACEC contains several functions to load measurement datarom external les into MATLAB and
to convert these data to an mcsignal object (see section_3.2)

Measurement data that were stored, during the data acquisiion, using DASYLAB R software,
are available in*.ddf format. They can be converted to anmcsignal object with the GUI, the
input2mcsignal command (see sectiofl 5.213) or thencsignal command (see sectiofi 5]1);

Measurement data that were stored, during the data acquisiion, in GeoSIG® measurement
stations, are available in *.msd (Miniseed) format. They can be converted to an mcsignal
object with the GUI, the input2mcsignal command (see sectiori 5.213) or SIGFUN'seadmsd
and MACEC's mcsignal commands (see section 5l1);

Measurement data that were stored, during the data acquisiion, using LabVIEW ® software,
are available in*.tdm format. They can be converted to anmcsignal object with the GUI, the
input2mcsignal command (see sectiofl 5.213) or thencsignal command (see sectiofi 5]1);

Measurement data that were stored, during the data acquisiton, using Test.Lab® software, are
available in *.wav format. They can be converted to anmcsignal object with the GUI, the
input2mcsignal command (see sectiol 5.213) or thencsignal command (see section 5]1);

Measurement data that are available in*.asc format (ASCII type), can be converted to an
mcsignal object with the GUI, the input2mcsignal command (see sectiof 5.213) or thencsignal
command (see sectiof 5]1);

Measurement data that are available in*.mat (MATLAB binary) format, can be converted to
an mcsignal object with the mcsignal command (see section 511);

Measurement data that are available in*.f32 format, can be converted to anmcsignal object
with the GUI or the input2mcsignal command (see sectiof 5.213); Thé&.f32 format has been
used at the Civil Engineering Department of K.U.Leuven to canvert measurement data that
were available in ASCII format to a binary format in order to save disk space.

Iplease note that these commands are case sensitive.
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3.3.2 Sensor de nitions: ASCII format

If you use the Conversion of the measured data window of the MACEC GUI, it is possible to
load a le containing sensor de nitions for the conversion d the measurement data. This le should
be of ASCII format. Five types of sensors can be de ned: accetometers, force sensors, displacement
sensors, strain sensors, and velocity sensors.

Each sensor is de ned on a single row. A sensor de nition corists of 5 or more columns which contain,
from left to right:

the sensor type;

the sensor number;
the manufacturer type;
the serial number;

the sensitivity;

extra columns may be added, but they are not used by MACEC.

The sensor type is a string: A denotes an accelerometer with raw measurements in VoltACan ac-
celerometer with raw measurements in digital counts,F a force sensorD a displacement sensorS a
strain sensor, andV a velocity sensor.

For accelerometers, the sensitivity is de ned in [mV&=g] or [counts=g]; for force sensors, in [mM\Dbf]; for
displacement sensors, in [¥m]; for strain sensors, in [m\&e]; and for velocity sensors, in [\{(m=s)].

Comments may be used, but need to be put between twé symbols. An example of a sensor de nitions
le is shown in g. 311

3.3.3 Geometry de nitions: ASCII format

All les that deal with the geometry of the measurement setup, need to be of the ASCII type. See
the subsections below for the de nitions of speci c geomety-related les.

Grid les

In MACEC, the les that contain the de nition of the measurem ent nodes are called grid les. They
can have any name, as long as they are of the ASCII type (exteisn *.asc ). A grid le is structured
as follows:

each row contains the de nition of a measurement node;

each row has four columns, containing the node numbBrand its (X;Y;Z) coordinates, in any
units.

Example Figure 32 shows a small grid le, containing the de nitions of 4 nodes. Node 1 has
coordinates (Q 0;0), node 2 is situated at (3 0;0), node 3 at (G 3;0) and node 4 at (3 3;0).

20nly positive nonzero integers are allowed as node numbers.
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#ACCELEROMETERS#
#type no manufacturer SN sens(mV/g)#
# #

A 31 PCB_393A03 3229 982

A 32 PCB_393A03 3230 977

A 33 PCB_393A03 3231 982

A 34 PCB_393A03 3232 996

A 91 PCB_393B04 11042 995

A 92 PCB_393B04 11043 987

A 93 PCB_393B04 11045 998

A 94 PCB_393B04 11046 997
#type no manufacturer SN sens(counts/g)#
#. H

AC 1931 GS-GMSI8(frix) 1931 3774874
AC 1932 GS_GMS18(try) 1932 3774874
AC 1933 GS_GMS18(triz) 1933 3774874

FORCE_SENSORS#

#type no  manufacturer SN sens(mV/Ibf)#

#

*H

F 111 PCB_208A05 11569 0.986
F 114 PCB_208C05 20170 1.041
F 115 PCB_208C05 25930 1.006

DISPLACEMENT_SENSORS

#type no  manufacturer SN sens(V/m) range(mm)#
e #

D 201 micro-eps_S601-0.2 1248 50000 0.2
D 202 micro-eps_S601-0.5 1164 50000 0.5
D 203 micro-eps_S601-01 1258 50000 2.0

STRAIN_SENSORS

#type no  manufacturer SN sens(mV/e) freq_range(Hz) ampl_r ange(pk_e) res(e)#

#. #
S 301 PCB_740B02 3937 53.7 0.5-100000 100
S 302 PCB_740B02 3938 53.6 0.5-100000 100
S 303 PCB_740B02 3939 50.8 0.5-100000 100
S 304 PCB_740B02 3940 457 0.5-100000 100

VELOCITY_SENSORS

#type no manufacturer SN sens(V/(m/s))#

# #

#no velocity sensors have been defined yet#

0.6
0.6
0.6
0.6

Figure 3.1: Example of a sensor de nitions le

15
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A oW N P
w O w o
w w o o
o O o o

Figure 3.2: Example of a grid le

Slave les

Slaving is a powerful procedure for the visualization of DO that are not measured, but that can
assumed to be related to measured DOFs in a linear way. A speciDOF can be slaved to several
master DOFs; the results are then additive.

In MACEC, the les that contain the de nition of the dependen t degrees of freedom (DOFs) are called
slave les. They can have any name, as long as they are of the A3I type (extension *.asc ). A slave
le is structured as follows:

in each row, one DOF is coupled to one other DOF,;

each row has eight columns, containing the node number of thenaster node and the master
DOF (direction in ( X;Y;Z) coordinates), followed by the node number of the slave nodand
the slave DOF (ampli ed direction in ( X;Y;Z) coordinates), respectively.

Example Figure [3.3 shows a small slave le, containing the de nitions of 4 slave DOFs:

In the rst row, the deformation in the X direction of node 7 is coupled to the deformation in
the X direction of node 2. The ampli cation factor is 1;

In the second row, the deformation in the X direction of node 8 is coupled to the deformation
in the X direction of node 3. The ampli cation factor is 0:5, so that the amplitude of the 8X
DOF is half that of the 3X DOF;

In the third row, the deformation in the X direction of node 8 is coupled to the deformation
in the X direction of node 4. The ampli cation factor is 0:5, so that the amplitude of the 8X

DOF is half that of the 4X DOF. Because the & DOF was also coupled to the X DOF, the

amplitude of the 8X DOF is the mean of 3X and 4X;

In the fourth row, the deformation in the X direction of node 6 is coupled to the deformation
in the X direction of node 2. The ampli cation factor is 0, so that node 6 does not move. This
\trick" can in general be used for the visualization of DOFs that are not measured but that can,
from the geometry of the problem, be supposed to have (near)yzero amplitude.

Beam/surface les

In MACEC, the les that contain the de nition of the connecti ons between the measurement nodes
are called beam or surface les, depending on the type of comattion you want for the visualization.

3Since beams and surfaces are only used for the visualizationthey are not numbered.
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21 0 0 7 1 0O
31 0 0 8 05 0 O
4 1 0 0 8 05 0 O
21 0 06 0 00O

Figure 3.3: Example of a slave le

If you want the nodes to be connected by lines, you need a beamle. If you want the nodes to be
connected by triangles, you need a surface le. Beam or surf® les can have any name, and are of
the ASCII type (extension *.asc ). A beam or surface le is structured as follows:

each row contains the de nition of a beam connection or a suidice connection;

each row contains the numbers of the two nodes that are connésd by a beam, or the numbers
of the three nodes that are connected by a triangle.

Beams and surfaces can also be combined. In this case, bearh®uld be treated as surfaces for which
the last node number equals zero.

Example Figure 3.4 shows a small beam le. The nodes 1 and 2, 2 and 3, 3xd 4 and 4 and 5 are
connected by a beam.

N w N R
o o~ W N

Figure 3.4: Example of a beam le

3.3.4 All GUI les: mat format

If an experimental, operational or combined modal analysigs performed with the MACEC GUI, you
need to save the data, after some operations, in &mat le. If you have saved the data, the name of
the new *.mat le appears in the File(s) in use section of the MACEC main window ( gure 2.1).
You can proceed further by clicking on the name of the le and ty subsequently pressing a command
button in the MACEC main window. Please note that the *.mat le is not loaded in the memory
until you press a command button.

A powerful possibility of MACEC is that you can also create these*.mat les without the GUI, and
then use the GUI in a next step by adding the le to the File(s) in use section of the GUI main
window with the Select new data... button ( gure £7). However, in this case, it is important th at
the variables stored in the*.mat les have the right names, types and dimensions.
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Converted measurement data

After you have converted the measurement data (in*.ddf , *.asc , *.tdm, *.wav, *.mat or *.f32
format) to an mcsignal object using the GUI, you are required to save thismcsignal object in a
*mat le. This *.mat le contains only one variable, namely the mcsignal object, which has the
namecnvdat (from \converted data").

Conversion factors

In the Conversion of the measured data window of the MACEC GUI, it is possible to save the
conversion factors separately into &.mat le and to load this le later on. This is particularly handy

if the measurements are performed in several setups for whidhe number of channels and the sensors
are identical. The saved le contains the following variables:

labels , a cell which contains the labels given to each channel,

type , a vector containing the information about the data type. If an element equals 1, the
corresponding data type is acceleration, if 2 a displaceménif 3 a force, if 4 a strain and if 5 a
velocity;

number , a vector containing in each element the row number of the sesor de nition le (see
section[3.3.2) that is associated with a channel;

sensitivities , a vector containing the conversion factor of each channdl' sensor;
amplifications , a vector containing the ampli cation factors for each channel;

db, a vector of which an element equals 1 if the corresponding cwersion factor is in deciBel
(dB), otherwise it is O;

factors , a vector containing the information about the measurementunits. If the data is
measured in kiloVolt or 10° digital counts, the corresponding element in factors equa 1, if it is
Volt or digital counts, it equals 2, if it is miliVolt, it equa Is 3 and if it is microVolt, it equals 4.

Processed measurement data

After you have processed aimmcsignal object using the GUI, you need to save this adaptedncsignal
object in a *mat le. This *.mat le contains only one variable, namely the processedncsignal
object, which has the namepredat (from \preprocessed data").

After processing, you can specify the node numbers and measmment directions that are associated
with a certain channel. If you use the GUI for this, you are asled if the speci cations should be
saved or not. If you choose to save them, they are added to themat le that already contains the
preprocessed data. This le now contains 3 variables:

predat , the mcsignal object with the preprocessed measurement daf
node _num, a vector containing the node numbers that correspond to thechannels;

meas_dir , a matrix containing the angles and that correspond to the channels ( gure[33).
Each row corresponds to a channel, the rst column contains he values and the second column
the values.
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Figure 3.5: De nition of the direction angles and

Measurement DOFs

In the Add channel specifications window of the MACEC GUI, it is possible to save the mea-
surement nodes and measurement directions into &mat le and to load this le later on. This is
particularly handy if in the same measurement setup, di erent measurements are performed. The
saved le contains the following variables:

nodenumbers is a vector containing the node numbers attached to each charel;

measurement _directions is a matrix containing in each row, the and angles (in the rst
and the second column, respectively) which determine the nmasurement direction ( gure B.5).

System Identi cation results

After you have performed a system identi cation using the GUI, you have to save the identi ed system
information in a *.mat le.

State-space models. If the identi ed system models are state-space models (idghed with SSI-
data(/ref), SSl-cov(/ref) or CSl(/ref)), this *.mat le contains the following variables:

predat , see the previous paragraph;
sysmat , a MATLAB variable of the struct type with the following elds:

{ The system matrices for the di erent orders. For instance, fa a stochastic state-space model
of order two, the following matrices are present:sysmat.A _2, sysmat.C _2, sysmat.Q _2,
sysmat.R _2, sysmat.S _2;

{ sysmat.orders , a vector containing the orders of the systems that have beeidenti ed;

{ sysmat.chanselout , a vector containing the channel numbers which have been ugeas
outputs in the identi cation;

{ sysmat.chanselin , a vector containing the channel numbers which have been ugeas
inputs in the identi cation (only di ers from the empty vecto r if CSl(/ref) identi cation
has been used).

node _num, see the previous paragraph;

meas_dir , see the previous paragraph;
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quants , a cell containing the data type of each channel (for instaneacc stands for acceleration);

chan _outin , a vector containing, for each input, the output number (NOT the channel number)
that has the same DOF. If no such output is available, the coresponding element ofchan _outin
equals 0;

ampl _outin , a vector containing, for each element ofchan _outin , the corresponding sign. If
for example the input at a certain node was measured in the X direction and the output in
the X direction, the corresponding element ofchan _outin equals 1.

RMFD models. If the identi ed system models are right matrix-fraction de scription (RMFD)
models (identi ed with Deterministic pLSCF, Operational p LSCF or Combined pLSCF), the *.mat
le contains the following variables:

predat ;
rmfd , a MATLAB variable of the struct type with the following elds:
{ The system matrices for the dierent orders. For instance, fa an RMFD model of order
two, the following matrices are present:rmfd.A _2 and rmfd.B _2;
{ rmfd.orders , a vector containing the orders of the systems that have beeidenti ed;

{ rmfd.chanselout , a vector containing the channel numbers which have been ugeas
outputs in the identi cation;

{ rmfd.chanselin , a vector containing the channel numbers which have been udeas inputs
in the identi cation (equals the empty vector if Operationa | pLSCF identi cation has been
used);

{ rmfd.refs , a vector containing the channel numbers which have been useas reference
outputs in the identi cation (equals the empty vector if Det erministic pLSCF identi cation
has been used);

{ rmfd.H _meas, a 3D matrix containing the estimated FRF's or PSD*'s that have been
used as inputs for the pLSCF algorithm The rows correspond tothe output channels,
the columns to the input channels or the reference output chanels and the depth to the
frequency points.

node _num;
meas_dir ;
quants ;
chan _outin ;
ampl _outin ;

refs , a vector containing the output numbers (NOT the output channel numbers, they are in
rmfd.refs ) which have been used as reference outputs in the identi cabn.
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Nonparametric model. If the identi ed system model is a nonparametric frequency esponse func-
tion (FRF) or positive power spectral density (PSD*), the *.mat le contains the following variables:

nonpar , a MATLAB variable of the struct type with the following elds:

{ nonpar.fregscale , a vector containing the frequency points of the nonparametic model;

{ nonpar.frf , a 3D matrix containing the estimated FRF's. The rows corregpond to the
output channels, the columns to the input channels and the dpth to the frequency points.
This eld can be empty;

{ nonpar.psdp , a 3D matrix containing the estimated PSD*'s. The rows correspond to
the output channels, the columns to the reference output chanels and the depth to the
frequency points. This eld can be empty;

{ nonpar.chanselout , a vector containing the channel numbers which have been usgeas
outputs in the identi cation;

{ nonpar.chanselin , a vector containing the channel numbers which have been usgeas
inputs in the identi cation. This eld can be empty;

{ nonpar.refs , a vector containing the channel numbers which have been udeas reference
outputs in the identi cation. This eld can be empty;

node _num;
meas_dir ;
quants ;
chan _outin ;
ampl _outin .

Modal Analysis results

After you have selected the proper modal parameters in the silization diagram of the GUI (after
parametric system identi cation), or from a nonparametric ANPSD/CMIF/FDD plot (after nonpara-
metric system identi cation), you are required to save them in a *.mat le. This le contains the
following variables:

stabmodes , a MATLAB variable of the struct type with the following elds:

Lt B et T et T et B e S e W e S e Y

stabmodes.f , a vector containing the eigenfrequencies;
stabmodes.o , a vector containing the model orders;

stabmodes.xi , a vector containing the damping ratios;

stabmodes.m , a matrix containing the mode shapes in each column;
stabmodes.mtn , a vector containing the modal transfer norms;
stabmodes.mp , a vector containing the mean phases;
stabmodes.mpc , a vector containing the modal phase collinearities;
stabmodes.mpd , a vector containing the mean phase deviations;

stabmodes.wscheme , a string that indicates whether the mode shapes are mass noral-
ized (masg or scaled to unit modal displacement (nit );
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{ stabmodes.quants , a cell containing the physical quantities corresponding 6 each mode
shape component;

{ stabmodes.stdf ,a vector containing the standard deviations of the eigenfequencies (when
available);

{ stabmodes.stdxi , a vector containing the standard deviations of the dampingratios (when
available);

{ stabmodes.stdmr , a matrix containing the standard deviations of the real parts of the
mode shapes in each column (when available);

{ stabmodes.stdmi , a matrix containing the standard deviations of the imaginary parts of
the mode shapes in each column (when available);

{ stabmodes.stdmmax , a vector containing the maximum standard deviations of a ral or
imaginary part of the mode shapes (when available). Pleaseate that for nonparametric
estimates, some of these elds, such astabmodes.xi , may not be available.

When
node _num, see the previous paragraph;

meas_dir , see the previous paragraph;

3.4 Graphical User Interface

MACEC's Graphical User Interface (GUI) is constructed around one main window, divided into dif-
ferent sections. In each section, a speci c part of the modahknalysis process is dealt with, mostly
by clicking buttons which call other windows. In this section, you can nd a schematic overview of
how the di erent GUI windows are called. Fig. provides an waerview of the GUI structure of
MACEC and also indicates the interaction between the GUI gures and the les that are created from
or interact with the GUI.

The MACEC main window (gure Z.I), which is constructed by calling the GUI_main function,
consists of the following sections:

File(s) in use : In this section, no other MACEC windows are called. It just consists of a list
of les that are used in MACEC and buttons to select new les, to quit the main window, etc.;

Geometry : This section deals with the de nition and the editing of gri d, slave or beam/surface
les. Depending on the button used, the following MACEC functions will be called:

{ GUI grid constructs the window for constructing or editing the grid le;
{ GUI slave constructs the window for constructing or editing the slave le;
{ GUI _beam constructs the window for constructing or editing the beam a surface le.

Signal processing : This section deals with the construction of an mcsignal obgct:

{ With the Convert to mcsignal button, the GUI _convert function is called which
constructs the window for the conversion of the measuremertdata to the cnvdat mcsignal
object;

{ With the Process button, the GUI _prep function is called which constructs the window
for signal processing:
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Signal processing Geometry

Raw time data (*.ddf,*.asc,*.f32,*.wav,*.tdm)
[
Conversion factors (*.mat)

Raw mcsignal
object (*.mat)

GUI_proc

Processed mcsignal
object (*.mat)

J

GUI_grid

grid
file (*.asc)

GUI_convert

GUI_slave

Conversion
factors (*.mat)

GUI_filtfilt

GUI_spec

slave
file (*.asc)

GUI_integrate

GUI_timewind

GUI_beam

beam/surface
file (*.asc)

Measured
DOFs (*.mat)

Modal Analysis

System identification | GUI_stabplot
GUI_H1

_ [ GUI_psdpfrfsum J

A 4 A 4 \ 4 \ 4

[ GUI_ssi J ( GUI_csi ) ( GUI_pLSCF J ( GUI_nonpar J —
Modal para-

meters (*.mat)

GUI_modview

GUI_PSDp

System des-
cription (*.mat)

Figure 3.6: GUI structure of MACEC. The GUI gures are indica ted by white rectangles, the les
that are created from or interact with a GUI gure are indicat ed by grey ellipses.
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If the standard MATLAB function Itlt needs to be called during signal processing,
the signal processing window calls theGUI_ItIt  function, which constructs a dialog
window for the filtfilt operation;
If a time window needs to be applied during signal processingthe GUI _timewind
function, which constructs a dialog window, is called by thesignal processing window.
{ With the Add DOFs button, the GUI _specfunction is called, which constructs the window
for the speci cation of the measurement DOF's.

System ldentification . In this section, the user speci es which system identi caton method
he or she wishes to use. Depending on the method chosen, di erewindows are opened:

{ For all stochastic subspace identi cation methods (SSI-d#éa, SSI-data/ref, SSl-cov, SSI-
cov/ref), the GUI _ssi function is called, which constructs the window for SSI;

{ For all combined subspace identi cation methods (CSI and C%/ref), the GUI _csi function
is called, which constructs the window for CSI;

{ For all pLSCF methods (Deterministic pLSCF and Operational pLSCF), the GUI_pLSCF
function is called, which constructs the window for pLSCF identi cation. Because an
identi ed non-parametric system model is needed for pLSCFfrom this window one of the
following functions is called:

GUI _H1 constructs the window for the estimation of a non-parametrc FRF (H1 esti-
mator);

GUI _PSDp constructs the window for the estimation of a non-parametrc Positive
Power Spectral Density (PSD+).

{ For nonparametric identi cation, the GUI_nonpar function is called, which constructs the
window for nonparametric system identi cation. From this w indow, one of the following
functions are called:

GUI _H1 for FRF estimation;
GUI _PSDp for PSD* estimation.

Modal Analysis : This section deals with the modal analysis of the identi ed system models:

{ By clicking the Modal analysis  button, one of the following functions is called:

If parametric system descriptions have been identi ed, the GUI _stabplot function is
called which constructs the window with the stabilization diagram:
In this window, the function GUI _psdpfrfsum may be called for the construction of
a dialog box for the calculation of the sum of the FRFs or PSD+s
If nonparametric system descriptions have been identi ed,the GUI_cmif function is
called which constructs the window for modal parameter seletion through the peak
picking or CMIF/FDD methods.

{ By clicking the Plot mode shapes button, the GUI_modview function is called which
constructs the window for the visualization of the mode shages.

3.5 Logle and batch run

MACEC has the exibility that its functions can not only be ca lled from the GUI, but also from
the MATLAB command window or from a MATLAB command ( *.m) le. See chapter[3 for more
information about the functions of MACEC that can be called in MATLAB, and chapter &for examples
where MACEC is used in batch mode.
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Logfile and batch run

As soon as you start the MACEC GUI, a MATLAB command le named logfile.m is created in
the MATLAB working directory. When you perform certain oper ations in the GUI, this log le is
automatically lled with the proper commands. Such a log le has three advantages:

1. It leaves you a blueprint of the operations performed in tre GUI, which enables you to detect
possible errors;

2. It enables you to recalculate everything without the needto perform all interactive operations
again;

3. It gives you an example of how to perform a modal analysis bpPACEC without the GUI.

Example Figure [31 shows the log le used for the determination of the modal parameters in tutorial
1 with the SSl-data/ref identi cation algorithm. The log| e was automatically created by MACEC.
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% MACEC version 3.2
% Copyright KULeuven, Structural Mechanics (Edwin Reynder s)

% macec@bwk.kuleuven.be

gridfile = ‘framegrid.asc’;

slavefile = ‘frameslave.asc’,

beamfile = 'framebeam.asc’;

file = strvcat(framedata.mat’);

ext = strvcat('mat);

x = input2mcsignal(file,ext,100);

sens = [1;1;1;1];

ampl = [1;1;1;1];

db = [0;0;0;0];

types = cell_(strvcat(‘acc’,'acc’,'acc','acc'));

labels = cell_(strvcat('1','2','3",'4"));

for par = 1:1, cnvdats{par} = volt2xa(x{par},sens',ampl’, db',types',labels"); end

predats = cnvdats;

node_num = [5;4;3;2];

meas_dir = [0 0,0 0,0 0;0 O]

predat = predats{1};

chansel = [1 2 3 4];

refs = [1];

invar = ssi_data3(predat.tdata(;,chansel)’,30,refs);

sysmat = sysmatcalc(invar,'ssi_data',chansel,[],refs, 2:2:60);

[node_num,meas_dir,quants,chan_outin,ampl_outin] = ..
identsel(node_num,meas_dir,predat.quantity’,sysmat. chanselout,sysmat.chanselin);

allmodes = stable_propmodpar5(sysmat,predat.dt,chan_o utin,ampl_outin,quants);

selnrs = [];

[modenr,yes,selnrs] = modfind(allmodes,2.7664,16,seln rs);
[modenr,yes,selnrs] = modfind(allmodes,7.9459,16,seln rs);
[modenr,yes,selnrs] = modfind(allmodes,12.135,16,seln rs);
[modenr,yes,selnrs] = modfind(allmodes,15.1606,16,sel nrs);

stabmodes = stabpick(allmodes,selnrs);

Figure 3.7: Example of a log le: the determination of the modal parameters in tutorial 1 with SSI-
data/ref.



Chapter 4

Tutorials

In this chapter, two tutorials are provided that get you acquainted with the MACEC GUI. The rst
tutorial contains an operational modal analysis of a frame sucture from simulated data. The second
tutorial contains an experimental and a combined modal anasis of a highway bridge from measured
data.

4.1 Frame structure

4.1.1 Introduction

As a comparative test between the di erent ambient system identi cation methods, the simulated
ambient data of a 4DOF, linear, time-invariant 2D frame structure are analyzed in this tutorial.
The objective is to perform an operational modal analysis umg the di erent OMA methods that
are available in MACEC. The data contain the horizontal accderation response at each oor of the
structure to a stationary Gaussian white noise vector exciation (g. 41I), simulated in MATLAB
with a simple mass-spring-damper model, using MACEC functbns. The le with which the data have
been generated is namedframedata_generation.m . It can be found in the tuturiall  directory. The
structure is proportionally damped.

—» Y (1)

v o+ d

Figure 4.1: Tutorial 1: Frame structure

The simulated data are characterized by the following spectations:

Four measurement channels contain four di erent horizontal acceleration signals;

27
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The data consist of 8192 time samples, obtained at a samplinfequency of 100 Hz.

4.1.2 Building the geometry

The rst thing to do is to construct the grid of measurement nodes, and to connect them into a beam
model of the structure for visualization. This consists of he following steps:

1. Start MATLAB,;

2. Change the MATLAB working directory to the directory you w ant to run the tutorial in, for
instance:

C:\Program Files\MATLAB\R2010b\toolbox\spice32\tutor ials\tutoriall

3. In the Command Window of MATLAB, type macec and then pressEnter . Now the MACEC
GUI appears;

4. in the MACEC GUI, press the Make grid file  button (g. 42}

JMACEC 3.2

=&

Files) in use: — Geometry

3

Gricd file

Slave file ake [ Make: grid file |

| OEE §
Beamisurface file i
| DB W

— Signal Processing

’ Convert to mcsignal ] [ Process J lAddDOFs]

— Syatem ldertification

Stochastic Subspace V|
— Modal Analysis
[ Modal analysis J ’ Combine setups ]
[ Plot mode shapes ] [ List modes ]

Figure 4.2: Tutorial 1: Starting the GUI for making a grid le .

5. Now the Define / edit measurement grid window appears. Enter the following node num-
bers and coordinates and then press thédd button ( g. 43}



Frame structure

Each added node is automatically plotted in the right gure of the Define / edit measure-

nodeno.| X | Y | Z
1 0010
2 002
3 0/ 0|4
4 0|06
5 0|08
6 5010
7 5102
8 5/0|4
9 5/01]6
10 5(0]8
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ment grid window ( g. £3). This enables you to check visually if the node numbers and the
corresponding coordinates have been entered correctly. iou want to edit or save the gure

with node numbers and coordinates, press thé&dit/save figure

button.

Note: it is also possible to add multiple nodes at the same tinby using standard MATLAB
commands (g. 4.4);

) Define / Edit measurement grid

— &dd node to measurement grid

:
Made number: p ]

X

| Coordinates:

Add ¥

o

— List of nod

[SRER RN LA
o oo ol
DoooooooofE
LR SRR R S

=

Mode number -~ Coordinates (X, Y, Z)

(]

~

Remove

Equsl axes Nodes

[ RotatesD

Editizave figure

Cancel ] l oK ]

Figure 4.3:

6. Now you are ready to save the grid le. PressOK in the Define / Edit measurement grid
window and choose a name and a directory (for instancéamegrid.asc

Tutorial 1: Entering node numbers and coordinaes for the creation of the grid le.

in the tutoriall

di-
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) Define / Edit measurement grid

— Add node to measurement grid

Mode numbet: i[1 5] | Coordinates:

x ;zerns(1 A1 |

Ao vhestim |

zi[o:z:a] | i P

— List of nod

Mode number - Coordinstes (., Z) 4

AR Ai L

|

coooo

coooo

WD
(23]

|

Equal axes Modes

[ Roatate3D Ediitizave figure

[ Cancel ] [ oK ]

Figure 4.4: Tutorial 1: Entering multiple node numbers and coordinates at the same time.

rectory). The Define / Edit measurement grid window closes and you return automatically
to the MACEC main window. In this window, the path name of the grid le you just created is
now lled in in the Grid file command line of the Geometry section.

Note: The grid le is saved in ASCII format so that it can also be ceated with a text edi-
tor instead of with the MACEC GUI. This facilitates the creation of the grid le when the nodal
information is available in ASCII format (for instance from Mi crosoft® Excel?). The grid le
is selected by typing its path in theGrid file command line of the MACEC main window or
by using the Select grid file button of the MACEC main window;

. Because only the horizontal accelerations at one side ohé frame structure have been simulated,

a slaving procedure is needed to de ne the mode shapes at theéher side of the frame. Therefore,
click the Make slave file  button in the MACEC main window. The Define / Edit slave
DOFs window now appears ( g.[48). At the right, the nodes de ned in the grid le are shown
for your convenience.

How should the DOFs be linked? It can be assumed that the horiantal beams of the frame
structure are very rigid in the horizontal direction. Furth ermore, nodes 1 and 6 are not measured,
but it can be assumed that they have zero displacement. Theffere, the following DOFs should
be coupled:
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} Define / Edit slave DOFs

— Diefing slave DOF:

hisster node: | 2|

Master DOF: (DX OY O

Slave node:

Slave DOF @x Or O
N B
Amplitude: |
! |
5
— List of master [ slave DOFs
Master node -- DOF (X, ¥, Z1 -- Slave node -- DOF - i
2 1 L] 0 7 1 [ 3
2 1 o o 2 1 o o
4 1 0o 0o s 1 0 @
£ 1 o0 o 1 1 0o @ 3
Z 1 o o 1 o o o
z 1 0o 0 & 0O 0 @

v

Equal axes Modes

[ Rotate3n

Cancel ] [ Lel.8

Figure 4.5: Tutorial 1: Linking master DOFs and slave DOFs usng the GUI.

master node | master DOF | slave node| slave DOF | ampli cation factor

X 7 X 1
8
9
10

N N O~ WN

X X X X X
X X X X X

1
1
1
0
0

These DOFs can be coupled one by one, or alternatively at onaesing MATLAB vector notation.
We will follow the second alternative, as it is more conveniat here. In the Master node eld,
Il'in

[2:5]
As the Master DOF , chooseX. In the Slave node eld, Ilin

[7:10]
As the Slave DOF , choose alsoX. In the Amplitude eld, Ilin

1

and then press theAdd button. The coupled DOFs are now added to the list at the left bottom
(9. £5). To plot also the nodes with zero displacement, Il in
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as Master node , chooseX asMaster DOF , Ilin
[1,6]
in the Slave node eld and choose X as Slave DOF . In the Amplitude eld, Il'in
0

and then press theAdd button;

. Now you are ready to save the slave le. Pres©K in the Define / Edit slave DOFs window

and choose a hame and a directory (for instancérameslave.asc in the tutoriall  directory).
The Define / Edit slave DOFs window closes and you return automatically to the MACEC
main window. In this window, the path name of the slave le you just created is now lled in in
the Slave file command line of the Geometry section.

Note: The slave le is saved in ASCII format so that it can also be weated with a text ed-
itor instead of with the MACEC GUI. This facilitates the creatio n of the slave le when the
slaving information is available in ASCII format (for instanc e from Microsoft Excel). The slave
le is selected by typing its path in the Slave file command line of the MACEC main window
or by using the Select slave file button of the MACEC main window;

. Now that the measurement grid has been de ned and the necseary DOFs have been coupled in a

slave le, the only geometrical information that is missing are the links between the measurement
points. They are only de ned for visualization purposes. Inthe MACEC main window, press
the Create beam or surface file button. A new window, entitled Define / Edit beams

or surfaces appears.

MACEC o ers two alternatives for the visualization of the lin k information between the mea-
surement points:

beams, which are de ned by two node numbers (lines);

surfaces, which are de ned by three node numbers (trianglés
As the structure under study is a frame structure, beams are he natural choice for the visual-
ization. Again, MACEC o ers the possibility to accelerate th e de nition of the beams by using

MATLAB vector notation. To connect the nodes at the left colu mns of the frame structure,
enter

[1:4]
in the Node 1 eld and

[2:5]
in the Node 2 eld. If you then click the Add button, the de ned beams are added to the list
at the left bottom and to the gure at the right. Now follow the same procedure for connecting

the right columns and the horizontal beams of the frame struture. The result should look like
in g. £6]
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) Define / Edit beams or surfaces

—Add beam or surfacetolist———————

Connected nodes:

Node 1 [[2:5] | Add T
Made 2 [7:10] |
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Mode 3 (0 | tior surtaces only)
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Mode number -~ Coordinates (X, Y, Z)

I
[
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Figure 4.6: Tutorial 1: Creation of links between the measuement points for visualization.

10. Now you are ready to save the beam le. Pres®K in the Define / Edit beams or surfaces
grid window and choose a name and a directory (for instancamebeam.asc in the tutoriall
directory). The Define / Edit beams or surfaces grid window closes and you return au-
tomatically to the MACEC main window. In this window, the pat h name of the beam le you
just created is now lled in in the Beam/surface file command line of theGeometry section.

Note: The beam le is saved in ASCIlI format so that it can also be oceated with a text ed-
itor instead of with the MACEC GUI. This facilitates the creatio n of the beam le when the
slaving information is available in ASCII format (for instanc e from Microsoft Excel). The beam
le is selected by typing its path in the Beam/surface file command line of the MACEC main
window or by using theSelect beam or surface file button of the MACEC main window;
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4.1.3 Processing the measured signals

The geometry of the frame structure is now de ned, so the sigal processing part can start.

11. First, select the le with the simulated measurement data by pushing the Select new data...
button in the MACEC main window ( g. 4[Z]] Choose the le framedata.mat in the tuturiall

directory;
JMACEC 3.2 EJ@
FEIE) LEOVEN

Seleﬁt new data... | — Geometry
= Grid file: A
ID:lmatIabtoolepiceSZmH-D1alsource'dtﬂorialsmmrial1 1fram| ';—
Slave file 5w
ID:lrnatIabtooIbeiceSQ-2l311-D1alsource'dtﬂorialsmmrial1 1fram| %

Beam/surface file

ls
ID:lrnatIabtooIbeiceSQ-2l311-D1alsource'dtﬂorialsmmrial1 1fram| %

— Signal Processing

Convert to mosignal ] [ Process J lAddDOFS]

— System Idertification

Stochastic Sukspace V| Apply
— Modal Analysi
[ Modal analysis J ’ Combine zetups ]

[ Plot mode shapes ] [ List modes ]

Figure 4.7: Tutorial 1: Specify a le's name and directory.

12. Now the name of this le appears in the File(s) in use list in the MACEC main window.
Click on the lename and press theConvert to mcsignal button in the Signal Processing
section. A dialog box appears which asks for the sampling fuency ( g. £.8). As the sampling
frequency is 100 Hz, enter

100

and pressOK ;

13. Now, a window opens which guides you through the conversi of the measurement data to an
mcsignal object. Each channel can be labeled for later reference. Fdnstance, a good label
for the rst channel is \5X" since this channel contains the acceleration measured at node ve
in the X -direction. To provide this label, Il in

5X
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_ MACEC 3.2
@@ lu.THDu K uiv 1IIEIT
File(s) inuse: — Geometry
frameclata.mat ~ o :
|D:\mat|abtoolb\spice$2—2l311-01a\sourceumorials‘tmoriah \fram| m
Slave file s : g =
ma— <~ sampling ... EIEX m % ‘n" .'_ 5
ikt —— s
Esamisurface file § Enter the sampling frequency : 425
Dometiabtookisei 10 | i tram m ] &
OK Cancel T
— Signal Proceszin ]
I Convett to mcsignal J [ Process ] [Add DOFS]
— System Identification
Stochastic Subspace V|
— Modal Analysi
[ Modal analysis J [ Comhbine setups ]
[ Plot mode shapes J [ List modes ]
N el

Figure 4.8: Tutorial 1: If the measurement data is availablein MAT format, the sampling frequency
must be provided.

14.

15.

inthe Label eld ( g.49)] Asthe measurement data have the physical meaning of accelerations,
you don't need to change theData type . The data are given in m=s?, so you can leave the
Measurement units , the Sensitivity and the Amplification elds to their default values;

In the same way, you can provide the labels for the other 3l@annels. Afterwards, press theOK
button (g. 49) Now, the mcsignal object will be saved in a*.mat le, for which you have to
provide a proper name like for instance

framedata_conv.mat

You can also specify a directory, di erent from the current working directoy;

After you have saved themcsignal object, MACEC automatically returns to the main window,
where the le framedata_conv.mat has now been added to theFile(s) in use section. The
next step is the actual processing of the measurement sigral In order to do so, select the
framedata_conv.mat le in the File(s) in use section and press theProcess button in the
Signal Processing  section. The Preprocess mcsignal object window opens ( g. £10).
You can have a look at the time history and the frequency contet of the di erent signals. As
the simulated measurement data in this case need no further igprocessing, just press theDK
button ( g. 410) and save the preprocessedncsignal object a

framedata_proc.mat

! Please note that the Save and Resume buttons do not save the preprocessedmcsignal object to a le, but are
used to intermediately save the processed data and to resumefrom the last save, respectively.
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) Conversion of the measured data |:| |:,[g|

_ Sensitivit — Sensar summary

Ho predefined sensor
-~
Labet ~

Data type

acceleration i

Measurement units

Sensitivity

40

S mEET)

Amplification

(—
-

Read sensor file ] [ Ok,

Figure 4.9: Tutorial 1: Conversion of the measurement data 6 an mcsignal object.

16. A last thing to do before the System Identi cation can start is the the coupling between the mea-
surement nodes de ned in the grid le and the measurement chanels. Selecframedata_proc.mat
in the MACEC main window and press the Add DOFs button. Now the Add channel spec-
ifications  window opens ( g. &17). For each channel, you have to provié the corresponding
grid node number and measurement direction. Note that the clannel label turns out to be a
useful feature here. If you are ready, presSave to add the channel information to the *.mat
le with the mcsignal object, framedata_proc.mat .
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<} Preprocess mcsignal ohject

File: iframedata_conv.mat V aF T i i i i ' ' )
— Chanrg———————————— =
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Figure 4.10: Tutorial 1: Preprocessing themcsignal object.
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Figure 4.11: Tutorial 1. Coupling between the measurement ndes in the grid le and the measurement

channels.
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41.4

Identi cation of a linear system model

Now you are ready to perform system identi cation. As you have only output data at your disposal,
the only system identi cation methods you can use are outputonly or stochastic system identi cation
methods. MACEC contains four of these methods:

Nonparametric PSD" estimation using the correlogram or periodogram approachs
Reference-based data-driven stochastic subspace identiation (SSl-data/ref) [6];
Reference-based covariance-driven stochastic subspadeiti cation (SSl-cov/ref) [6]]

Operational poly-reference least squares complex frequey domain identi cation (pLSCF).

The purpose of this section is to make you acquainted with thee di erent methods, which have each
there own advantages and disadvantages.

. using nonparametric PSD * estimation

17.

18.

19.

Select the le framedata_proc.mat in the File(s) in use section of the MACEC main window,
change the identi cation method in the System Identification section to Nonparametric
(for Peak Picking or CMIF/FDD) and pressApply . The Nonparametric FRF / PSD+
estimation for Peak Picking or CMIF/FDD window appears. As the data of the frame
structure are output-only, the Analysis type should be set tostochastic . Please note that
MACEC automatically suggests the right Analysis type based on the data type of the channels
(in this case accelerations only).

The system model that will be identi ed is a Positive Power Spectral Density (PSD* ) matrix at
discrete frequency lines. The Positive Power Spectral Deritsy Sy (! ) between two channelsX
and Y is de ned as the Fourier transform of the positive lags of the cross-correlation function
rxy (t) between these two channeld]2]:
Z, Z,
Syy (1) = rxy (e ' ut)dt = rxy (e 't dt
1 0

where u(t) is the unit step function (equal to zero for negative valuesof t and equal to one for
positive values oft).

Before starting the PSD* estimation, you should rst select which outputs will be used for the
identi cation in the Select Channels section. As all channels contain valid output data, they
should all be selected in theDutputs column. Please note that also here, MACEC automatically
suggests the right choice depending on the data type of eacthannel. It is also possible to work
with reference channels, but we will not make use of this podsility now. Therefore, Il in

1:4

in the References eld of the Positive Power Spectral Density correlogram esti-
mation so that all channels are selected as reference channels ancegsApply (g. £12);

The PSD+ estimation ~ window opens ( g. 4.13). The user has the choice between twoigrent
methods for the estimation of the positive power spectral dasities: the correlogram and the
periodogram method.
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20.

) Monparametric FRF / PSD+ estimation for Peak Picking or, CMIF/EDD

— FRF andior PSD+ estimation — Select Channels
Inputs
Analysistype () deterministic (%) stochastic
Ch.1 -85 [(acc) -
Ch. 2 - 4¥ (acc) B
Ch. 3 - 3% (acc)
’7Frequency response function estimstion (H1 estimator) — Ch. 4 - 24 (acc)
Positive Power Spectral Density estimation
References (e.g. 3,5:7)
e e

Figure 4.12: Tutorial 1: Nonparametric PSD* estimation.

The correlogram method calculates the PSD+ by rst estimating the correlation function through
averaging and then taking the discrete Fourier transform. For larger time lag values, there are
less data points available for averaging, which makes thathie correlation estimates are less ac-
curate. This can also be veri ed for this case. Select theShow correlation option in the
Plot options  part, leave all other settings to their default values, and pessCalculate and
show estimates (g. £13). From the plot, you can see that the value of the autocorrelation
estimate decreases between the time lags of 0 and 12s, as esjed. However, when the lag is
larger than 12s, the estimates increase again, which indit¢as their inaccuracy. Therefore, Il in

1024

for the Number of time lags  and pressCalculate and show estimates . If you select now
Show PSD+ in Plot options , you notice that the new estimate is much smoother than the
previous one. After unchecking theShow estimation history box, g. £14]is obtained. It
should be kept in mind that, for short data sequences, the nurher of useful correlations might
be low, and leakage errors might become important_[4].

The periodogram method calculates the PSD+ by dividing the available raw time data into Ny,
blocks, doubling the length of each block by adding zeros, tdng the Fourier transform for each
block, multiplying for each frequency all outputs with the H ermitian transpose of the reference
outputs, and averaging the result over all blocks[[2]. Note hat in this way, the number of blocks
is an upper bound for the rank of the PSD+ matrix.

In order to reduce the variance error of the perdiodogram esmate, one can take the inverse
Fourier Transform of it, apply a time window to the resulting correlation estimate, and take
the Fourier transform again [2, p. 58]. This approach usual yields much better results than
taking an excessive number of averages, resulting in shortada blocks and as a consequence large
leakage errors. However, it results in biased estimates fahe modal participation factors, which
need only to be compensated for when the contributions of theli erent modes to the PSD+ is

of interest [2].
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<} PSD~ estimation

— PSSO+ estimation

Output channel |1

| Reference " ~|

15

(&) Carrelogram method (2 Periodagram methad
Mumber of time lags |— 4_058_‘

(zero lag included) -

Mumber of data blocks: |

Time window parameter: |

045

Calculate and show estimates

Cordatian [rm/s?.mis?]

— Plot options: Resolution info

Total number of samples © §142 -05
Window lencth: 4096 samples
Freguency resolution: 0.024414

) Show PSD+

(%) Show correlation

o 10 20 30 40 a0
time [5]

Show estitmation history

[ Show standard devistion

Figure 4.13: Tutorial 1: Autocorrelation estimation before PSD+ estimation.

In the Periodogram method  section, the user has to provide two values: the number of blcks
that the raw time data will be divided in and the time window pa rameter m, which equals the
ratio between the length of one blockNy and the length of the rectangular time window used
for the noise reduction Ny :

As the total number of time samples we have at our disposal is B2 (this can be veri ed from
the Resolution info box at the left bottom), choose

8

as the Number of data blocks , S0 that each block will contain 1024 samples. To appreciate
the e ect of the time window parameter , Ist leave it to its default value

1,

checkCalculate standard deviations and Show standard deviation , pressCalculate
and show estimates , and uncheckShow estimation history . The estimated PSD+ curve
is now shown in blue and the estimated standard deviation is Isown in grey. Now, change the
Time window parameter to

2

and press againCalculate and show estimates Now you see that the PSD+ curve is
much smoother than form = 1, which indicates that the noise level has been seriouslyeduced
(9. 415). This is also re ected in the estimated standard deviation, which has decreased.
However, there's a price to pay: the frequency resolution haincreased with a factor 2 to 02 Hz
(this can be veri ed from the Resolution info box at the left bottom). Therefore, do not
increasem any further but press OK (g. £I5). The last PSD+ estimate is passed to the
Nonparametric FRF / PSD+ estimation for Peak Picking or CMIF /FDD window.

21. In this window, pressOK and save the models in the following*.mat le:

framedata_nonpar.mat
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) PSD+ estimation
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Figure 4.14: Tutorial 1: PSD+ estimation with the correlogr am method.
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Figure 4.15: Tutorial 1: PSD+ estimation with the periodogr am method.

. using SSl-data

41

22. Select the leframedata_proc.mat in the File(s) in use section of the MACEC main window,

don't change the identi cation method in the System ldentification
Now the Stochastic Subspace Identification
on data-driven [. In the Expected system order

selection

section and pressApply .
window appears. Leave theAlgorithm
eld, you have to specify

the theoretical order of the system description that you nee. This order equals two times the
expected number of modes that are present in the data. As therme structure is a 4 DOF

structure, the expected system order equals 24 = 8. Now press the>> button and notice that

MACEC proposes the number

for more information.

16

2The theory behind the SSI-data algorithm is not explained in this manual. The interested reader is referred to [6} [15]
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as half the number of block rowsi in the SSl-data algorithrrﬁ. However, this proposed value
can be viewed as a minimal value foii in the SSI-data algorithm, since it is known that higher
values ofi usually yield more accurate system estimatdh Furthermore, it o ers the possibility
to choose higher stabilization orders in the stabilizationdiagram. So choose

30

as the value fori and press theCalculate QR + SVD button to start the construction of the
Hankel matrix of measurement data and the QR and SVD steps oftie SSI algorithm ( g. £716).

) Stochastic Subspace Identification |Z||E| fg|

— Algorithm selection — Select Channelz

(&) data-driven () covariance-driven

[ reterence-hazed l:l

— IR of data block Hankel matriz + SYDoof projection matrix

Half the number of block rows i:

Expected =ystem arder:
Mumber of blocks: I:I

CalculateR + SWD
Remark: Thearetically the systern order equals the nimbet

of hor-Zero singular valies

— Calculstion of system matrices

System orders: |22
5’ ez |

Figure 4.16: Tutorial 1. Data-driven SSI.

23. After the QR and SVD steps of the SSI algorithm have been pdormed, the real system order
can be estimated by looking at the singular values calculaté from the SVD step. For noiseless
data, the system order equals the number of nonzero singulavalues. For noisy data, the noise
causes some singular values to be di erent of zero. Howeverheir values are usually very low.
After pressing the Show singular values  button, a standard MATLAB gure appears which
shows the singular values in decreasing order of magnituded. £17). As can be seen from
the gure, the rst eight singular values are clearly larger than the other ones, which indicates
that a model order of 8 could be able to describe the system dyamics quite well. The other
singular values are not exactly zero, but it can be seen thatlwosing a model order higher than
20 scarcely in uences the dynamics of the identi ed system.

24. We know that the true system order equals 8. However, fronthe above discussion, it is clear
that, due to the noise which is present in the data, the identied system description contains

3The suggested value ofi is calculated by multiplying the expected system order with the factor 8 and dividing the
result by the number of reference channels. Please note thatin MACEC 2.0, a factor 6 was used instead of 8. Due to the
increased computation power and memory since the developmeat of MACEC 2.0, it was possible to increase this factor
for standard use in the MACEC 3.0 and later versions.

“Please consult [TI0] for a discussion on how the choice of is connected to the relationship between the Nyquist
frequency and the lowest frequency of interest.
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Figure 4.17: Tutorial 1: Data-driven SSI: singular values.

both system and noise dynamics. A common approach in modal atysis is then to over-specify
the model order, such that the true system modes (also calleghhysical modes) are separated
from the noise modes (also called mathematical modes). Thiseparation is performed manually
in a stabilization diagram (see further). To create the staklization diagram, models of increasing
order need to be identied. From g. £17] one knows that the maximal possible system order
equals 128. However, as the physical modes should stabilize from a moterder between 8 and
12, we choose to construct the stabilization diagram only upto a model order of 60. So, in the
System orders eld, Ilin

2:2:60

and press the Calculate  button. System orders between 2 and 60 are now calculated in
increasing steps of 2.

25. After the calculation is nished, press the OK button and save the identi ed system matrices
in a *.mat le, for instance

framedata_ssi_data.mat

MACEC now returns to the main window, where the le has been added to the File(s) in use
section.

. using SSl-data/ref

26. In the previous section, you have used the classical veos of the SSl-algorithm as described
in [15]. However, a faster reference-based version of thisgmrithm has been developed by
Peeters and De Roeck[]6], which is also more accurate if the ahnels with the highest SNR

5In general, the maximum possible system order equalsi (which equals 30 in this case) multiplied by the number of
reference channels (in this case equal to all 4 channels).
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are selected as the reference channBlsTo see if there is a noticeable di erence with the classic
version, repeat the SSl-identi cation again, but now mark the reference-based checkbox in
the Stochastic Subspace Identification window and indicate that the rst channel (which
contains the horizontal displacement at the top) is the only reference channel ( g.[418). Note
that system orders between 2 and 30 are now calculated in ineasing steps of 2 (MACEC ignores
automatically system orders that impossible, so system ordrs higher than 30 are not considered).
Save the identi ed systems as

framedata_ssi_data_ref.mat

J Stochastic Subspace Identification

— &lgorithm selection

(%) data-driven  (7) cowatiance-driven

reference-based References (e.q. 2 5:8)

— GIR of data block Hankel matrix + SYD of projection matrix

Half the number of block rows i:

Expected system order: I:I I:I
Mumber of blocks: I:I
Calculate OR + 3D

Femark: Thearetically the system order equals the number
oF hOK=TerD Singuiar vaives

— Calculstion of system matrices

System orders: |22
" |

Figure 4.18: Tutorial 1. Reference-based data-driven SSI.

. using SSl-cov

27. Select the le framedata proc.mat in the File(s) in use section of the MACEC main window,
don't change the identi cation method in the System ldentification section and pressAp-
ply . The Stochastic Subspace ldentification window appears. Change theAlgorithm
selection to covariance-driven  [1. Fill in

8

as the expected system order and press> . MACEC now suggests that half the number of
block rowsi of the block Toeplitz matrix equals

16

5The theory behind the SSi-data/ref algorithm is not explain ed in this manual. The interested reader is referred to
[6] for more information.

"The theory behind the SSl-cov algorithm is not explained in t his manual. The interested reader is referred to
[1, Bl [I2] for more information.
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28. An advantage of SSI-cov over SSl-data is that for SSI-cqwan estimation of the variances on the

29.

30.

identi ed system parameters (system matrices, poles, eigdrequencies, damping ratios, mode
shapes) is available [[I2]. Since this estimation is comput@nally quite demanding, do not
increasei and further, but check the Estimate covariances box. The Number of blocks
eld, where you can specify the number of blocks in which the aw time data will be divided
for computing sample covariances of the output correlationmatrices, is now enabled. If the
number of block rowsi is already speci ed, MACEC proposes a default value for theNumber
of blocks when the Estimate covariance box is checked. Indeed, the value foNumber
of blocks has been set to

35

Leave this value to its default and press theCalculate QR + SVD button to start the
identi cation algorithm ( g. 419)]

) Stochastic Subspace Identification

— &lgorithm selection

O data-driven @ covariance-driven

|:| reference-based l:l

— IR of data block Hankel matriz + S0 oof projection matrix

Half the number of block rows i:

Expected system order:
Murmber of blocks:

Calculate R + 5D
Remark: Theuretically the systerm order equals the numbet

af nar-zera singular valies

— Calculation of system matrices

System orders: (22
Y =

Figure 4.19: Tutorial 1: Covariance-driven SSI.

If you have a look at the singular values of the block Toeptz matrix of covariance matrices, you
can draw the same conclusions as for the SSl-data identi cabn. However, as the estimation
of the covariances on the identi ed system matrices is quitedemanding from the computational
point of view, choose

2:2:30
as system order range and press th€alculate  button. System orders between 2 and 30 are
now calculated in increasing steps of 2.

After the calculation is nished, press the OK button and save the identi ed systems in a*.mat
le, for instance

framedata_ssi_cov.mat

MACEC now returns to the main window, where the le has been added to the File(s) in use
section.
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. using operational pLSCF

31. Select the le framedata_proc.mat in the File(s) in use section of the MACEC main window,
change the identi cation method in the System Identification section to pLSCF and press
Apply . The pLSCF Identification window appears ( g. ﬁ;

32. The pLSCF algorithm is suitable for experimental or opeational modal analysis, which corre-
sponds to a deterministic or stochastic system identi cation, respectively. As the data of the
frame structure are output-only data, the Analysis type in the FRF and/or PSD+ estima-
tion section should be set tostochastic . Please note that MACEC automatically suggests the
right Analysis type based on the data type of the channels (in this case acceleiahs only);

33. The pLSCF identi cation algorithm is a frequency-domain algorithm and therefore the rst
step of the algorithm is, for the stochastic case, the estimion of the matrix of Positive Power
Spectral Densities (PSD+). Before starting the PSD+ estimation, you should rst select which
outputs will be used for the identi cation in the Select Channels  section. As all channels
contain valid output data, they should all be selected in the Outputs column. Please note that
also here, MACEC automatically suggests the right choice dgending on the data type of each
channel. For the pLSCF algorithm, it is also possible to workwith reference channels, but we
will not make use of this possibility now. Therefore, Il in

1:4

in the References eld of the Positive Power Spectral Density estimation so that all
channels are selected as reference channels and prégply (g. £20);

) Poly-reference Least-Squares Complex frequency Domein (pL.SCF) Identification

— FRF andior PSD+ estimation — Select Channels

Inputs
Analysistype () deterministic (%) stochastic

Ch.1 - 8% (&cc) -
Ch. 2 -d¥ (acc)
Ch. 3 - 3% (acc)
Ch. 4 - 24 (acc)

— FRF estimation (H1 estimator)

— Positive Power Spectral Density estimation

References (e.g. 3,5:7)

Righit Matriz Fraction Polynomial estimation

Frequency range:| | Hz to | | Hz

Palynomizal arders: l:l

W w

Cancel

Figure 4.20: Tutorial 1: pLSCF.

34. The PSD+ estimation  window opens ( g. £13). Perform the same actions as in paragph
20 above ( g.[41I5) and pressOK .

8The theory behind the pLSCF or Poly-reference Least Squares Complex Frequency Domain algorithm is not explained
in this manual. The interested reader is referred to [2] for more information.
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35.

36.

MACEC returns to the pLSCF Identification window ( g. £20), where the Right Matrix
Fraction Polynomial estimation section has been enabled. Since the bandwidth of interest
coincides with the available frequency band, don't changehe default values in the Frequency
range elds. In the Polynomials orders eld, Il'in

1:15

and pressCalculate  to start the calculation of Right Matrix Fraction Descripti on (RMFD)
models of orders increasing from 4 to 60 in steps of 4 (the sysin order equals the matrix
polynomial order times the number of references and/or inps).

After the RMFD models have been calculated, pres©K and save the models in the following
*mat le:

framedata_pLSCF.mat

4.1.5 Modal analysis of the identi ed system models

For the frame structure under consideration, ve (series o)) linear system models have now been

identi ed:
1. a nonparametric PSD" model;
2. stochastic state-space models identi ed with SSI-data borders 2 4;6;:::;60;
3. stochastic state-space models identi ed with SSI-datafef of orders 24;6;:::; 30;
4. stochastic state-space models identi ed with SSI-cov obrders 2 4;6;:::;28;
5. right matrix fraction description models identi ed with operational pLSCF of orders 48; 12

10 60.

The next step in the experimental determination of the modal parameters of the structure is the
modal analysis of the identi ed system models. For each of tle four series of parametric models,
a stabilization diagram will be calculated and from this diagram, we will select the stable, physical
system modes that we are looking for. But rst, we will identify the modal parameters in a more
intuitive, but rather rough way, starting from the identie d nonparametric PSD* model.

. using nonparametric techniques

37. Select theframedata_nonpar.mat leinthe File(s) in use section of the MACEC main window

and press theModal Analysis  button in the Modal Analysis  section. You are asked to select
a modal analysis method. ChoosdéPeak Picking . The averaged normalized power spectral
density (ANPSD) is then computed and plotted in an interacti ve window. Since in this case, the
modal parameters are well separated, they can be estimatedylpicking the peaks in the ANPSD

pIotﬁ (9. £21). Note that, after a peak has been selected, the coesponding mode shape is
listed and plotted in the complex plane. After the modes havebeen selected, pres®K and save

the mode information as

9The theory behind the peak Picking method is not explained in this manual. The interested reader is referred to
e.g. [4,[9] for more information.
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Figure 4.21: Tutorial 1: Selection of modes by Peak Picking.

framedata_peakpick_modes.mat

38. Now repeat the modal analysis with theframedata_nonpar.mat le, but select FDD as modal
analysis method. The singular values of the PSD matrix, obténed by adding the estimated
PSD* and its complex conjugate, are then computed and plotted in a interactive window.
The modal parameters can be estimated by picking the peaks ithe highest singular vaIue(sE
(9. £22). After the modes have been selected, pres®K and save the mode information as

framedata_fdd_modes.mat

. using the stabilization diagram

39. Select theframedata_ssi_data.mat le in the File(s) in use section of the MACEC main
window and press theModal Analysis  button in the Modal Analysis  section. The modal
parameters are calculated automatically and a stabilizaton diagram is created ( g.[4.24). Notice
that, thanks to the preset values for the stabilization criteria, the diagram looks very clear.

40. Now tick the Show PSD+/FRFs checkbox and pressCalculate . A small window opens
(g. £23). Leave all settings to their default values and pressOK . The sum of all Positive
Power Spectral Densities is now calculated and MACEC returs to the stabilization diagram. If

19 For well-separated modes, as in this case, only the highest sgular value should be considered. For closely spaced
modes, however, the other singular values should be consideed as well. The theory behind the CMIF/FDD method is
not explained in this manual. The interested reader is referred to [14] for more information.



Frame structure 49

J [Complex Mode Indication Function (CMIF) / Frequency Domain Decompaosition (FDD) |:]|EH5_<J
— Macle informetion——— 1
10 T T T T T
Frequency [Hzl 14844 — Selected mode shape info
Scale channel |1 | 101
Singular value: 0,465
MPC:  1.000
MFD [T 0.00 R
1 o ) e 21 1

] () Showy real+imaginary part

= ) Show shealute value + angle

5

=]

=

€

ra)

A
10t L L I I I | L L
0 5 10 16 20 25 30 35 40 45 a0
frequency [Hz] i
| FP——
Show data from 0| Hzto | 498047 | Hz Showe CMIFFDD in dB

Figure 4.22: Tutorial 1: Selection of modes by Frequency Domin Decomposition.

you then pressApply , the PSD+ sum is added to the diagram to help you select the phgical
modes. Since the four lines of stable modes and the peaks inglPSD" sum all lie below 25 Hz,
show only the data in the 0 25 Hz bandwidth by lling out the relevant elds at the bottom
and pressingApply . Choose for instance the four stable modes at model order 52ykxlicking
on the modes in the diagram. After each mode has been clickedhe corresponding mode shape
is plotted in the complex plane at the right-hand side of the gabilization diagram ( g. 4.24).
This can be used as a tool to check the signature of each mode.

J PSDp / FRF settings

Show the sum of all PSDp's
[T] shovwe the sum of &ll FRF's
Mumber of data blocks: : 2

block length: 4096

Caleulats block |ength] [ cancel ] I oK l\l

Figure 4.23: Tutorial 1. Calculation of Positive Power Spedral Densities for the stabilization diagram.

41. After the modes have been selected, pre€3K and save the mode information as

framedata_ssi_data_modes.mat



50

Tutorials

42.

43.

44.
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Figure 4.24: Tutorial 1: Stabilization diagram GUI.

Repeat the modal analysis with theframedata_ssi_data_ref.mat le. Now that you know
how the PSD+ sum looks like, it is not necessary to plot it on the stabilization diagram. Choose
for instance the four physical modes at a system order of 16 @hsave the mode information as

framedata_ssi_data_ref _modes.mat

Select theframedata_ssi_cov.mat le in the MACEC main window and press again the Modal
analysis button. The stabilization diagram that is created is very clear and shows only physical
modes, thanks to the variance calculation ( g.[4.25%). If you move the cursor on a mode, the
Mode information panel shows, in addition to other information, the standard deviations of
the eigenfrequency and damping ratio estimates as well as thmaximum standard deviations of
any of the real and imaginary mode shape components. Seleché¢ four di erent stable modes,
for instance at a model order of 16, and save the mode informan as

framedata_ssi_cov_modes.mat

For the last modal analysis, select theramedata_pLSCF.mat le in the MACEC main window
and press again theModal analysis  button. The stabilization diagram looks very clear as the
pLSCF method forces mathematical modes, that arise due to arover-estimation of the model
order, to have negative damping. You can convince yourself fothis property by setting the
following values for the stabilization criteria:

Set the di erences in eigenfrequency, damping ratio, mode sipe and modal transfer norm
between two consecutive model orders to 100%, 100%, 100%,daB000%, respectively.
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Figure 4.25: Tutorial 1: Stabilization diagram for the SSl-cov (left) and pLSCF (right) algorithms.
denotes a stable mode, andv, d and f a mode which satis es all stabilization criteria except for the
damping, mode shape, and damping and mode shape di erencesspectively.

Leave the damping range and the number of highest modal trarfer norms unaltered.
Change the modal phase collinearity lower bound to O.
Leave the mean phase and mean phase deviation upper bounds tieeir default value.

If you then press Apply , the stabilization diagram still shows only the four physical modes,
although the only restrictive criterion is the damping range (g. £25). But there is a price
to pay: the linear least squares estimate for the RMFD model,obtained with pLSCF, is not
statistically consistent when the transfer function has pdes [8, pp. 199-200]. In practice, this
means that the pLSCF estimate does not converge to the noisets solution, even if a very large
number of data points is available. However, we will see thatthis \bias" is, in general, quite
small. After the physical modes have been selected, for inahce at a model order of 48, save the
mode information as

framedata_pLSCF_modes.mat

4.1.6 Results

45.

46.

The results of the Operational Modal Analysis can be viewd in graphical and numerical repre-
sentation. Let's start with the graphical one. Select theframedata_ssi_data_modes.mat le in
the MACEC main window and press the Plot mode shapes button in the Modal Analysis
eld. The Mode shape animation window now opens and the rst mode is plotted. Since
the dimensions of the structure under test are of the same ol of magnitude as the modal
displacement@, change the Amplification eld to 1 and pressEnter . As the mode shapes
are plane shapes in theXZ plane, push theview in the XZ plane button to change the
viewpoint, as in g.

You can also play an animation of the mode shape by clickipthe Play button in the Animation
section. To save the mode shape as a gure, press thHeigure button. To save the mode shape

Hsince output-only measurements were processed, the modal éplacements have been automatically scaled to unit
modal displacement.
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animation as an*.avi le, press the Movie button. You can switch between the di erent modes
using the > and < buttons or by selecting from the list in the Mode eld. The mode shapes
should look like in g. £271

) Mode shape animation |Z||E|le

ZIZI;E%J

Moch Cptian: Animation . L
mEqual axes [ | Nodes Gricl ew in ¥Z plane
[ Rotatean [ auto it [] Complex modes
Color schemes Line Wicth Amplification Slow Fast
|COI0ur M | |1 3 | |1 | ﬂ:l—’l ’ Cloze ]

Figure 4.26: Tutorial 1: Plotting the rst mode shape.

41. If you want to have a numerical presentation of the identied modal parameters, you can just
select the appropriate le in the MACEC main window and press the List modes button. The
text editor opens and all modal information is plotted. Using this information, tables 4.1], (4.2
and[4.3 have been constructed.
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Figure 4.27: Tutorial 1: The four modes identi ed with SSI-data: eigenfrequencies and mode shapes.
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4.1.7 Conclusions

Table 4.1 shows the true eigenfrequencies and the correspding estimates, determined with six dif-

ferent methods. Since for the SSI-cov method, the standard eviations have been estimated, the
2 con dence intervals, which corresponds to the 95% con dene intervals in the Gaussian case, are
shown as well. The nonparametric estimates, obtained with P and FDD, are the least accurate

eigenfrequency estimates, as expected. The values obtatheith both methods are exactly the same,

due to the limited frequency resolution.

The eigenfrequencies obtained with the di erent parametric methods correspond very well. They all
fall inside the 2 con dence bound for the SSI-cov estimates. The uncertaintyof the eigenfrequency
of the fourth mode, which was less well excited (as can for itance be seen from the Power Spectral
Density function, g. 4.10), is somewhat higher than for the other modes. This can be seen both from
comparing the con dence intervals of the SSI-cov estimatess well as from comparing the di erences
between the di erent methods.

mode | exact PP FDD | SSl-data | SSl-data/ref SSl-cov pLSCF
1 2764 | 27734 | 27734 2:766 2:766 2766 0014 | 2772
2 7:958 | 8:008 | 8:008 7:944 7:946 7:943 0:056 | 7:943
3 12192 | 122305 | 12305 | 12167 12135 12164 0:091| 12132
4 14:956 | 14:844 | 14:844 | 14997 15161 14:952 0:128 | 14:978

Table 4.1: Tutorial 1: True eigenfrequencies and estimatesobtained from six di erent methods, all in
Hz. For the SSI-cov method, the values are shown together wit their 2 (95%) con dence interval.

The damping ratios, listed in table [4.2 correspond less wellas could have been expected from a short
data record of only 8192 samples. This is also re ected in théigh relative uncertainty of the damping
ratio estimates of the SSI-cov method. In particular, although estimates of the damping ratio of the
rst mode agree much better than for the other modes, the SSleov uncertainty bound warns us that
the accuracy is not better, which is con rmed by comparison wth the exact value.

mode | exact | SSl-data | SSl-data/ref SSl-cov | pLSCF
1 0:87 0:64 0:64 0:64 046 | 068
2 2:50 1:89 2:38 246 060| 199
3 3:83 3:.97 3:82 3:83 060 | 265
4 4:70 4:15 3:60 442 096 | 311

Table 4.2: Tutorial 1: True damping ratios and estimates, oltained from six di erent methods, all in
% of critical. For the SSI-cov method, the values are shown tgether with their 2 (95%) con dence
interval.

MACEC 3.2 o ers additional useful validation information co mpared to previous versions (MACEC 3.0
and older). When listing the identi ed modal parameters using the List modes button in the MACEC
main window, the standard deviations of the mode shape compwents are listed when available, as
well as the modal phase collinearity (MPC), mean phase (MP),and mean phase deviation (MPD)
values. When real normal modes are expected, as is the case fbe proportionally damped structure
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considered here, the MPC, MP, and MPD values should equal 1, Oand O, respectively. Table[4.3
compares the MPD values for all methods. All values are very lose to 0, the limit value for real
normal modes.

mode | PP | FDD | SSl-data | SSl-data/ref | SSl-cov | pLSCF
1 01 0 01 01 0:0 04
2 1:9 0 0:3 05 0:6 1:8
3 0:9 0 0:3 2:6 0:5 0:9
4 1.7 0 11 34 0:6 0:8

Table 4.3: Tutorial 1: Mean phase deviation (MPD) in degreesfor the mode shapes, obtained from
six di erent methods.
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4.2 The B15 bridge

4.2.1 Introduction

In this tutorial, experimental data obtained on a large civil engineering structure are analyzed. The
objective is to extract the modal parameters from operatioral data that contain forced excitation,
using the EMA and OMAX methods that are available in MACEC. Th e structure under test is the
B15 bridge, which crosses the E19 highway that connects Brisgls and Antwerp (Belgium). The bridge
is located between the villages of Peutie and Perk ( g[4.2B)

m\

Figure 4.28: Tutorial 2: View on the B15 bridge.

A schematic side view of the bridge and the deck cross secticare shown in g.[429. The B15 bridge,
built in 1971, is a three-span box-girder bridge with an oveall length of 124:6m (35.8 +53:0+ 35:8m).
The box-girder is 94m wide and varies in height between 1 and 25m. Including the two tra c lanes,
it reaches a width of 130m.

B 15 124.00
35.80 26.50 26.50 35.80
F/-==—
16.45 19.35 | +6:40 5

V// /W

Figure 4.29: Tutorial 2: B15 bridge: side view and cross sein.

An important feature of the B15 bridge is that it is skew-symmetric. Consequently, it can be expected
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that there is no clear separation between bending and torsio modes, but that the vertical modes are
a combination of bending and torsion [1I0]. The skew angle oftte bridge is 43.

4.2.2 Vibration measurements

There are three types of dynamic vibration tests: forced, arbient and combined. In forced vibration
testing, it is assumed that all forces that are applied to the structure are measured. While this
method yields very nice results for relatively small mechaital devices tested in laboratory conditions,
it does not for large bridges because the so-called ambienbrfces like wind or tra ¢ loads can not
be measured and not be excluded, and large, impractical artiial excitation devices are needed to
overcome this problem. Ambient vibration testing on the other hand is very well suited for bridges
because in this type of testing, only responses (most oftencaelerations, sometimes also displacements,
velocities or strains) at certain points of the structure need to be measured, not the forces. Finally,
combined vibration testing consists of ambient vibration testing, but on top of the ambient excitation,
also a forced excitation is applied in order to excite the stucture over a broader frequency band
and/or in order to have scaled mode shapes. The crucial di erace with forced vibration testing is
that the ambient loads are not considered as unwanted noiseéhut as a useful part of the excitation.
Consequently, the amplitude of the arti cial forces can be snall compared to the amplitude of the
ambient forces [11]. Combined vibration testing has raisednterest only recently, because it requires
special system identi cation methods. One of these methodss the CSl/ref method [10], which is
incorporated into the MACEC software.

On the B15 bridge, both an ambient and a combined vibration test were performed. For the combined
test, a falling weight (mass: 120kg, drop height: 1m) was usk as an arti cial, measured force, and
the bridge was not closed to the road trac. The system could be installed on the sidewalk, thus
minimizing any disruption of trac ( g. 4.80).]

Figure 4.30: Tutorial 2: B15 bridge: drop weight setup.

The response of the bridge at selected points was measured Igrin the vertical direction using ac-
celerometers (types: PCB type 393A, 393A03, 393C and Schaiz). A spectrum analyser (type:
Ono-Sokki) was used to control the measurement on site. Figd.31 shows the experimental setup. In
order not to disrupt the tra ¢ on the bridge, the impact weigh t and the accelerometers were placed
on the sidewalk and bicycle lane. The vertical acceleratios at a total of 86 points (43 points per side)
were measured ( g.[4.31). For the combined test, the fallingweight was placed at node 25.

At the Antwerp side of the bridge, the vibration measurements were divided into 10 setups, each
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Figure 4.31: Tutorial 2: B15 bridge: measurement setup.

consisting of 11 Degrees Of Freedom (DOFs) measurements. ke 4.4 indicates which DOFs were
measured in which setup. The force was of course only measurén the combined test.

setup DOFs measured

1 25Az, 1Az, 6Az, 11Az, 16Az, 21Az, 26Az, 31Az, 36Az, 41Az, 7Bz, 25Afz
25Az, 2Az, 7TAz, 12Az, 17Az, 22Az, 27Az, 32Az, 37Az, 42Az, 7Bz, 25Afz
25Az, 3Az, 8Az, 13Az, 18Az, 23Az, 28Az, 33Az, 38Az, 43Az, 7Bz, 25Afz
25Az, 4Az, 9Az, 14Az, 19Az, 24Az, 29Az, 34Az, 39Az, 43Az, 7Bz, 25Afz
25Az, 5Az, 10Az, 15Az, 20Az, 25Az, 30Az, 35Az, 40Az, 43Az, 7Bz, 25Afz
25Az, 1Bz, 6Bz, 11Bz, 16Bz, 21Bz, 26Bz, 31Bz, 36Bz, 41Bz, 7Bz, 25Afz
25Az, 2Bz, 7Bz, 12Bz, 17Bz, 22Bz, 27Bz, 32Bz, 37Bz, 42Bz, 7Bz, 25Afz
25Az, 3Bz, 8Bz, 13Bz, 18Bz, 23Bz, 288z, 33Bz, 38Bz, 43Bz, 7Bz, 25Afz
25Az, 4Bz, 9Bz, 14Bz, 19Bz, 24Bz, 298z, 34Bz, 39Bz, 43Bz, 7Bz, 25Afz
25Az, 5Bz, 10Bz, 15Bz, 20Bz, 25Bz, 30Bz, 35Bz, 40Bz, 43Bz, 7Bz, 25Afz

© 00 N o 0o &~ w DN

=
o

Table 4.4: Tutorial 2: B15 bridge: measurement setups and aoesponding DOFs.

For the ambient vibration sessions, the ambient excitationwas provided by the tra ¢ underneath and
on top of the bridge. During peak hours, the B15 bridge has intnsive tra ¢ making this vibration
source the main cause of excitation. The total acquisition ime for one output-only setup measurement
was approximately 5 minutes at a sampling rate of 200Hz.

For the combined vibration measurements in which also the inpact force was used and measured, the
sampling frequency was chosen to be as high as 500Hz to captuthe short-time transient signals of
the impact in full detail. The measurement duration was abou 12s.
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4.2.3 Building the geometry

1. The rst thing to do would be to construct the grid of measurement nodes, and to connect
them into a surface model of the structure for visualization Because theGeometry part of
the MACEC main window has already been treated in detail in the previous tutorial (section
4.1.2), the construction of the grid and the surface les is ot explained in detail here, but
the les have been prepared on beforehand. You can simply lahthe b15 grid.asc le from
the ..\spice31\tutorials\tutorial2 directory using the Select GRID file button in the
Geometry section of the MACEC main window ( g. 4.32). If you want, you c an have a look
at the de ned measurement nodes by using theEdit grid file button which is located next
to the Select grid file button.

Figure 4.32: Tutorial 2: Loading a GRID le.

2. In the same way, select théb15 slave.asc le from the ..\spice31\tutorials\tutorial2 di-
rectory using the Select slave file button in the Geometry section of the MACEC main win-
dow. Afterwards, select theb15 surface.asc le from the ..\spice31\tutorials\tutorial2
directory using the Select beam or surface file button in the Geometry section of the
MACEC main window.
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4.2.4 Processing the measured signals

The geometry of the B15 bridge has now been loaded, so the sighprocessing part can start.

3. Select the les with the simulated measurement data by puking the Select new data...
button in the MACEC main window. Choose the les

VALA1-1.F32
VALA2-1.F32
VALA3-1.F32
VALA4-1.F32
VALAS5-1.F32
VALB1-1.F32
VALB2-1.F32
VALB3-1.F32
VALB4-1.F32
VALB5-1.F32

in the ..\spice31\tutorials\tutorial2\measurements directory.

4. The names of these les appear in thd=ile(s) in use list in the MACEC main window. Select all
les and press the Convert to mcsignal button in the Signal Processing  section to open
the Conversion of the measured data window. In the previous tutorial, it was indicated
how you can convert the measurement data to anmcsignal object using this window, so this
is not explained in detail here, but the sensitivities, ampl cation factors, conversion factors,
labels and units have been saved on beforehand. Thereforergss thelLoad button (g. 4.33)
and select the le

sens-F.mat

in the ..\spice31\tutorials\tutorial2 directory. All settings are now automatically ad-
justed, and you can make the conversion to themcsignal object by pressing the OK button.
Save the rst mcsignal object as

VALA1-1_conv.mat

Save the othermcsignal objects accordingly (save themcsignal object created from the le
VALA2-1.F32as VALA2-1_conv.mat etc.). Note that it was possible to convert the data for all
10 setups at the same time because in each setup, the same pilogd quantities are measured
using the same hardware and the same ampli cation factors.

5. In the MACEC main window, select the VALA1-1 conv.mat le in the File(s) in use list
and press theProcess button in the Signal Processing  section to open the Preprocess
mcsignal object  window. Here you can have a look at the raw measurement data ahtheir
frequency content, or, if you change theTime-Frequency setting in the Visualization  section
to Autocorrelation-PSD , at the autocorrelation function and the Power Spectral Dersity
(PSD) (g. 4.34). Also note that the axis labels are automatically adjusted in the right way,
thanks to the de nition of the signal's units during the conv ersion to an mcsignal object.
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Figure 4.33: Tutorial 2: Loading a saved le with sensitivities, ampli cation factors, conversion factors,
labels and units.

Figure 4.34: Tutorial 2: Plotting the autocorrelation and p ower spectral density of a channel's signal.

6. When you have a look at the autocorrelation signal of the rst channel (g. 4.34), you notice
that there is an o set on the signals that needs to be removed Ist. Therefore, selectRemove
offset in the Preprocessing section, selectAll channels  and pressApply (g. 4.35).
When switching through the channels, you now indeed obseryeboth from the autocorrelation
and the PSD plots, that the constant trend has been removed.
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Figure 4.35: Tutorial 2: Removing the o set from the signals.

7. Now let's have a look at the PSD of both reference accelerains (channels 1 and 11) and the force
signal (channel 12). You can easily notice that the main partof the signal's energy lies between
0 and 100 150Hz. However, in bridge engineering the frequency rangef interest is between
0 and 20Hz. In order to perform a data reduction and to facilitate the System Identi cation,
let's rst apply digital Itering to the signals and then re- sample them, so that we have now a
Nyquist frequency of 25Hz instead of 250Hz. Hereto, sele@ecimate 2 in the Preprocessing
section and pressApply . MACEC now asks for the decimation factor, an integer by whid the
number of samples will be divided. Choosd0 and pressOK ( g. 4.36).

8. After the decimation, pressOK and save the processedncsignal object as
VALA1-1 proc.mat

Repeat the preprocessing steps for the other setups. In thefth setup, the sixth channel should
be removed, in the sixth setup the eighth channel, and in the sventh setup the third channel.
In order to do so, selectDelete channel in the Preprocessing part of the Preprocess
mcsignal object  window, select the right channel, pressApply and conrm your choice
(9. 4.37). Note that you can process severalmcsignal objects at the same time by selecting
more than one object in the MACEC main window; however, not al signal processing operation
are allowed then on the individual mcsignal objects.

9. To end the preprocessing, the measured DOFs have to be dead for each channel. Select the
VALA1-1 proc.mat le in the File(s) in use section of the MACEC main window and press the

2decimate is a standard function from the Signal Processing Toolbox of MATLAB. For more information about this
function, consult the MATLAB help or the MATLAB documentati  on.
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Figure 4.36: Tutorial 2: Decimation with a factor 10.

Figure 4.37: Tutorial 2: Setup 5: deleting channel 6.

Add DOFs button in the Signal Processing section. Because the de nition of the DOFs has
already been treated in the rst tutorial (section 4.1.3), t hey have been prepared on beforehand
in this case. In the Add channel specification window, press theLoad button and choose

b15 dofs Fl.mat
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All DOF information is now adjusted. Press OK and then Yes to save the DOF information.
Repeat this for the other setups.

4.2.5 System identi cation

In MACEC, classical experimental modal analysis (EMA) is pacssible with nonparametric frequency
response function (FRF) estimation using the classicaH1 estimator [4], and with the deterministic
pLSCF method, which is a parametric method that starts from a nonparametric FRF description. In
EMA, the in uence of the unmeasured ambient forces is considred as disturbing noise; it is removed
in the nonparametric FRF estimation.

Combined vibration testing in MACEC is possible with the dat a-driven reference-based Combined
deterministic-stochastic Subspace Identi cation (CSl/ref) method. It has the advantage that both
the measured drop weight force and the unmeasured ambient foes are accounted for.

Nonparametric FRF estimation

10. Select theVALAL1-1 proc.mat le inthe File(s) in use section of the MACEC main window, se-
lect Nonparametric (for Peak Picking or CMIF/FDD) in the System ldentification
eld and press Apply to open the Poly-reference Least Squares Complex Frequency
Domain (pLSCF) Identification window. You can see that MACEC immediately suggests,
based on the type of data, which channels will be consideredsainputs and which channels will
be outputs, and which Analysis type is needed. This suggestion is correct, so you do not have
to change it (g. 4.38). Press Apply in the FRF estimation  eld to start the estimation of a
non-parametric FRF using the H1 estimator [4].

Figure 4.38: Tutorial 2: Deterministic nonparametric system identi cation.

11. In the FRF estimation (H1 method) window, you have to specify a number of data blocks
rst. As the total number of samples available is small and the minimal number of 2 blocks
is automatically suggested by MACEC, you don't have to chang anything. Just press the
Calculate and show estimates button to start the H1 estimation. If this is nished, you
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12.

13.

can see from theResolution info  panel that the frequency resolution is quite course (QL626Hz)
(g.4.39).

Figure 4.39: Tutorial 2: H; FRF estimation for pLSCF identi cation.

After pressing OK , MACEC returns to the Nonparametric FRF / PSD+ estimation for
Peak Picking or CMIF/FDD window. In this window, press OK and save the models in the
following *.mat le:

VALA1-1_nonpar

Repeat the identi cation step for the other setups. You @n have a look at thelogfile_cmif.m
le in the tutorial2  section in order to have an idea on how this can be performed ima batch
run, i.e. without using the GUI.

deterministic pLSCF

14.

15.

Select the VALA1-1_proc.mat le in the File(s) in use section of the MACEC main win-
dow, selectpLSCF in the System Identification eld and press Apply to open the Poly-
reference Least Squares Complex Frequency Domain (pLSCF) | dentification win-
dow. You can see that MACEC immediately suggests, based on tatype of data, which channels
will be considered as inputs and which channels will be outpts, and which Analysis type is
needed. This suggestion is correct, so you do not have to chga it. PressApply in the FRF
estimation  eld (g. 4.40) to start the estimation of a non-parametric F RF using the Hj
estimator [4]. Follow exactly the same steps as in paragraptil from the previous section.

After pressingOK , MACEC returns to the Poly-reference Least Squares Complex Fre-

quency Domain (pLSCF) Identification window, where it is now possible to calculate the
system matrices of a Right Matrix Fraction Description (RMF D) model using the pLSCF algo-
rithm. Since the bandwidth of interest coincides with the available frequency band, don't change
the default values in the Frequency range elds. In the Polynomial orders eld, Il'in
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Figure 4.40: Tutorial 2: Deterministic pLSCF.

2:2:100

Since there's only one input, the polynomial order range eqals the system order range. If the
identi cation is ready, press OK and save the identi ed system matrices as

VALA1-1_pLSCF.mat

16. Repeat the identi cation step for the other setups. You @an have a look at thelogfile_pLSCF.m
le in the tutorial2  section in order to have an idea on how this can be performed ima batch
run, i.e. without using the GUI.

CSl/ref
17. Select theVALA1-1_proc.mat le in the File(s) in use section of the MACEC main window,
selectCombined Subspace in the System ldentification eld and press Apply to open the
Combined Deterministic-Stochastic Subspace Identificat ion window!3. At the right,
you can see that MACEC immediately suggests which channelsdve to be considered as inputs
and which channels are outputs, based on the data type. In theAlgorithm selection eld,

mark the reference-based box and indicate that the channels with label R1 and R2 (for this
setup, channels 1 and 11), the DOFs of which are common to ewersetup, are the reference
channels ( g. 4.41).

18. Then, choose40 as half the number of block rowsi 14 and press theCalculate QR + SVD
button to start the rst part of the identi cation. If this is nished, choose

2:2:80

B The theory behind the CSl/ref algorithm is not explained in t his manual. The interested reader is referred to [10]

for more information.
1 see [10] for a discussion on the relationship betweeri and the lowest frequency of interest.
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Figure 4.41: Tutorial 2: Reference-based Combined determistic-stochastic Subspace Identi cation
(CSl/ref).

19.

as the model orders to be calculated and presSalculate . This calculation might take several
minutes. If the system matrices have been calculated, pres®K and save them as

VALA1-1_CSlref.mat

Repeat this identi cation step for the other setups.

4.2.6 Modal Analysis

With the Complex Mode Indication Function

20.

21.

In the MACEC main window, select VALA1-1 nonpar.mat and press the Modal analysis
button in the Modal Analysis eld. The complex mode indication function (CMIF) [14] is
computed and plotted ( g. 4.42). Since only one input, the drop weight, was used in the test,
the CMIF consists of one singular value only, and as such progrly identifying closely spaced
modes is not possible. As noted before, the short measuremtesuration results in a very coarse
frequency resolution. Since for this bridge, it is expectedhat the mass-normalized mode shapes
are purely real (no double modes, no localized dampers), theelected modes should have a
high modal phase collinearity (MPC) value and a low mean phas deviation (MPD) value. By
inspecting the CMIF by moving the cursor over it, it can be veri ed that only two peaks have
an MPC value larger than 0:9. Select the peaks as indicated in g. 4.42; the other peaks i
not be present in all setups or will yield very poor modal paraneter estimates in some setups.

After the poles have been selected, save them as
VALA1-1_CMIF_modes.mat

Repeat the mode selection step for all 9 other setups.
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Figure 4.42: Tutorial 2: CMIF function for the rst measurem ent of the rst setup. The selected
modes are indicated with red circles.

22.

23.

24,

25.

If the modes of all 10 setups have been selected, we can malkse of MACEC's possibility to
combine modal information obtained from di erent setups into one single mode. Hereto, select
VALA1-1 cmif_modes.matand the mode information for the nine other setups in theFile(s) in
use section of the MACEC main window and press theCombine setups button in the Modal
Analysis eld. Save the resulting modes as

VAL-1_cmif_modes.mat

Now select this le in the File(s) in use section of the MACEC main window and press the
Plot mode shapes button in the Modal Analysis  section to get a look at the di erent mode
shapes. You notice that some of them look quite well, why othes are more noisy due to the
small amount of data that was available for the identi catio n.

As each impact test was repeated 4 times, there are 4 measnents per setup. If you would
repeat the complete modal identi cation procedure (signalprocessing, system identi cation and
modal analysis) for the other tests and take the mean value ofhe modal information obtained
for each test at a particular setup, you can expect that the results will be more accurate. Taking
this mean value is not di cult: if two les with modal informa tion containing exactly the same
DOFs are selected and theCombine setups button is pushed, the resulting modal data contain
the mean values.

As the previous step is quite time-consuming and does naiply new functionalities of MACEC,
you can just select

VAL_cmif_modes.mat
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which contains the results. If you plot these mode shapes, th result looks like in g. 4.43. The
quality of the mode shape of mode 3 is less than for the other ndes. In all identi ed modes,
bending is combined with torsion, due to the skewness of the fidge supports with respect to
the bridge deck.

mode 1 - 1943Hz mode 3 - 3B42Hz

mode 4 - 6504Hz mode 5 - 7155Hz

mode 10 - 8947Hz

Figure 4.43: Tutorial 2: Eigenfrequencies and mode shapedbtained with CMIF.

After deterministic pLSCF

26. Inthe MACEC main window, select VALA1-1 pLSCF.madnd press theModal analysis  button
in the Modal Analysis eld. The stabilization diagram that is now constructed is v ery clear,
so you can easily pick the nine stable modes at order 80. Notéh&t, since it concerns a forced
vibration test, the modes have been mass-normalized.

27. After the poles have been selected, save them as
VALA1-1 pLSCF_modes.mat

Repeat the pole selection step for all 9 other setups.
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28.

29.

30.

31.

If the poles of all 10 setups have been selected, we can nealise of MACEC's possibility to
combine modal information obtained from di erent setups into one single mode. Hereto, select
VALA1-1_pLSCF_modes.mand the mode information for the nine other setups in theFile(s)

in use section of the MACEC main window and press theCombine setups button in the
Modal Analysis eld. Save the resulting modes as

VAL-1 pLSCF_modes.mat

You can have a look at the di erent mode shapes by selectinghis le in the File(s) in use
section of the MACEC main window and pressing thePlot mode shapes button in the Modal
Analysis section. Note that with the pLSCF method, more modes could beadenti ed than with
CMIF.

As each impact test was repeated 4 times, there are 4 measments per setup. If you would
repeat the complete modal identi cation procedure (signalprocessing, system identi cation and
modal analysis) for the other tests and take the mean value othe modal information obtained
for each test at a particular setup, you can expect that the results will be more accurate. Taking
this mean value is not di cult: if two les with modal informa tion containing exactly the same
DOFs are selected and theCombine setups button is pushed, the resulting modal data contain
the mean values.

As the previous step is quite time-consuming and does naiply new functionalities of MACEC,
you can just select

VAL _pLSCF_modes.mat

which contains the results. If you plot these mode shapes, th result looks like in g. 4.44. The
quality of the mode shapes of modes 4 and 9 is less than for théher modes. In all identi ed

modes, bending is combined with torsion, due to the skewness the bridge supports with respect
to the bridge deck.
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mode 1 - 1884Hz - 089% mode 3 - 330Hz - 114%

mode 4 - 5081Hz - 059% mode 5 - 6182Hz - 131%

mode 6 - 8525Hz - 174% mode 7 - 7154Hz - 236%

mode 8 - 8933Hz - 223% mode 9 - 1266Hz - 229%

e ad

mode 10 - 16713Hz - 229%

Figure 4.44: Tutorial 2: Eigenfrequencies, damping ratiosand mode shapes obtained with determin-
istic pLSCF.



72 Tutorials

After CSl/ref

31. In the MACEC main window, select VALA1-1 CSilref.mat and press the Modal analysis
button in the Modal Analysis  eld. The stabilization diagram that is now constructed is clear,
but looks incomplete, indicating that the default stabiliz ation criteria are too strict. Therefore,
relax the Transfer norm [%]  criterion to 75 % and pressApply . The stabilization diagram
now consists of clear vertical lines between 0 and 10Hz, but is still hard to interpret between
10 and 25Hz (g. 4.45). This can be explained from the sum of tle FRFs, that is plotted on
top of the stabilization diagram in g. 4.45: above 10Hz, mary modes are present, that are
probably not well excited. The most important peaks in the FRF sum are situated around 13
and 165Hz, which corresponds to modes 9 and 10 from g. 4.44. Althogh it is also possible
to pick these modes from the stabilization diagram obtainedafter CSl/ref identi cation, it is a
time-consuming task due to the unclear stabilization. Thewefore, we con ne ourselves here to
the modes between 0 and 10Hz.
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Figure 4.45: Tutorial 2: Stabilization diagram constructed from state-space systems identi ed with
CSl/ref (rst setup, rst measurement, default stabilizat ion criteria). denotes a stable mode,v a
stable frequency and mode shaped a stable frequency and damping, andf a stable frequency. The
selected modes are indicated with red circles.

32. In the frequency range between 0 and 10Hz, one can easilyd the eight stable modes indicated
in table 4.5. Note that, within a column of stable modes, the estimates with the highest MP
or MPC values are selected. The mode at:313Hz could not be identi ed using deterministic
pLSCF, simply because it was not present in the stabilizatiom diagram. Another remarkable
di erence can be noticed at 3825Hz: although at this frequency only one stable mode appead
in the pLSCF stabilization diagram, from the CSl/ref stabil ization diagram we notice that in
reality two very closely spaced modes are present around thifrequency. For example: in g. 4.45,
at a model order of 60, we have a stable pole at:309Hz (damping ratio of 42%) and one at
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f [Hz] 1:877| 3:119| 3:830| 5:072 | 6:181 | 6:513 | 7:150 | 8:957
[%0] 1:4 3:0 11 1:3 1:6 1.8 2:3 27
model order | 74 78 62 80 50 66 66 48

Table 4.5: Tutorial 2: Eigenfrequencies and damping ratiosfor setup 1, determined using CSl/ref.

33.

34.

35.

36.

37.

3:825Hz (damping ratio of 1:3%). However, we advise not to select the pole at:309Hz because
it will show up in most but not all setups.

After the poles have been selected, save them as
VALA1-1 CSliref_modes.mat

Repeat the pole selection step for all 9 other setups.

If the poles of all 10 setups have been selected, we can nealise of MACEC's possibility to
combine modal information obtained from di erent setups into one single mode. Hereto, select
VALA1-1 CSliref_modes.matand the mode information for the nine other setups in theFile(s)

in use section of the MACEC main window and press theCombine setups button in the
Modal Analysis eld. Save the resulting modes as

VAL-1_CSlref_modes.mat

Now select this le in the File(s) in use section of the MACEC main window and press the
Plot mode shapes button in the Modal Analysis  section to get a look at the di erent mode
shapes. You notice that some of them look quite well, why othes are more noisy due to the
small amount of data that was available for the identi catio n.

As each impact test was repeated 4 times, there are 4 measments per setup. If you would
repeat the complete modal identi cation procedure (signalprocessing, system identi cation and
modal analysis) for the other tests and take the mean value ofhe modal information obtained
for each test at a particular setup, you can expect that the results will be more accurate. Taking
this mean value is not di cult: if two les with modal informa tion containing exactly the same
DOFs are selected and theCombine setups button is pushed, the resulting modal data contain
the mean values.

As the previous step is quite time-consuming and does namply new functionalities of MACEC,
you can just select

VAL_CSilref_modes.mat

which contains the results. If you plot these mode shapes, t result looks like in g. 4.46.
The quality of the mode shape of mode 2 is less than for the othemodes. This should not
be a surprise, since this mode is only weakly excited and it add even not be detected with
deterministic pLSCF. Modes 4 and 5 are clearly of better quaty than the same mode identi ed
with deterministic pLSCF (compare with g. 4.44). In all ide nti ed modes, bending is combined
with torsion, due to the skewness of the bridge supports withrespect to the bridge deck.
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mode 1 - 1882Hz - 122% mode 2 - 326Hz - 476%

mode 3 - 3833Hz - 135% mode 4 - 76Hz - 176%

mode 5 - 6196Hz - 173% mode 6 - ®29Hz - 187%

mode 7 - 7156Hz - 247% mode 8 - 838Hz - 255%

Figure 4.46: Tutorial 2: Modes obtained with CSl/ref.

4.2.7 Conclusions

In this tutorial, Experimental Modal Analysis with CMIF and deterministic pLSCF identi cation, and
Combined Modal Analysis with CSl/ref identi cation, were a ddressed. A case study was presented,
namely the modal analysis of the B15 bridge that overpasseshe E19 highway between Brussels and
Antwerp, Belgium. Table 4.6 compares the eigenfrequencigslamping ratios, modal phase collinearities
(MPC), and mean phases (MP), obtained with all methods. Notethat for the CMIF method, no modal
damping ratios are available and that the modes can not be masnormalized, so that the MP is not
plotted for this method. From the table, it can be seen that the MPC values are generally higher for
the CSl/ref estimates, indicating a more accurate mode shap estimate. The eigenfrequency estimates
for the CMIF and CSl/ref methods are very close, but the damping ratios for the pLSCF method
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mode | CMIF pLSCF CSl/ref

nr. || f [Hz] | MPC[ ]| f [Hz] [%] | MPC[ ]| MP[ ]| f [Hz] [%] | MPC[ ]| MP[]
1 1:943 0:99 1:884 | 0:89 0:97 4 1:882 | 1.22 0:99 2
2 3:026 | 4:76 0:63 23
3 3:842 0:92 3:830 | 1:14 0:74 26 3:833 | 1:35 0:97 4
4 5:081 | 0:59 0:80 21 5:076 | 1.76 0:91 9
5 6:181 | 1:31 0:89 10 6:196 | 1:73 0:98 6
6 6:504 0:82 6:525 | 174 0:98 5 6:529 | 1.87 0:98 20
7 7:155 0:58 7:164 | 2:36 0:97 9 7:156 | 2:47 0:97 29
8 8:947 0:80 8:933 | 2:23 0:97 8 8:937 | 255 0:90 46
9 13266 | 2:29 0:79 16

10 16713 | 2:29 0:68 22

Table 4.6: Tutorial 2: Modes, identi ed with deterministic pLSCF and CSl/ref: eigenfrequencies,
damping ratios, modal phase collinearities (MPC), and meanphases (MP).

are systematically smaller; this is probably because the daping ratio estimates of pLSCF are biased.
With the CMIF method, only a limited number of modes could be estimated and the eigenfrequency
estimates are rather poor, due to the rather coarse frequerncresolution (0:163Hz). The MP values

are very low for the rst mode, indicating that the imaginary part of the mass-normalized mode shape
is close to zero. For the higher modes, the MP values di er betwen both methods.

Using CSl/ref, it was possible to obtain more accurate infomation about modes that were less well
excited by the drop weight forces (modes 2 and 3) than with de¢rministic pLSCF. This is probably
due to two reasons:

1. Deterministic pLSCF is a deterministic system identi cation method, so the resulting modal
analysis type is EMA, while CSl/ref is a combined determinidic-stochastic system identi cation
method, so the resulting modal analysis type is OMAX. As an OMAX analysis does not consider
ambient excitation as noise but as valuable excitation, it s capable to detect modes that are not
(well) excited by the measured forces;

2. The CSl/ref method yields strongly consistent system esmates, while the pLSCF results in
(slightly) inconsistent estimates.

On the other hand, using deterministic pLSCF, some higher mdes could easily be detected due to the
very clear stabilization diagram, while with CSl/ref this o peration would be troublesome due to the
unclear stabilization diagram. So one can conclude that dedrministic pLSCF and CSl/ref complete
each other well.

The CMIF method, on the other hand, is suited for quick, rough estimates, but it should be applied
with care since modes that are less well excited may be missed
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Chapter 5

Overview of MACEC functions

In this chapter, all individual functions of the MACEC progr am are described. This enables you to

use the log le and to detect possible errors in it;

run separate MACEC functions in batch.

The functions are grouped in sections according to the di erat subdirectories in the spice32 directory.
Within each subdirectory, the functions are described in aphabetical order.

5.1 @mcsignal

5.1.1 axesACPSDplot

AXESACPSDPLOT Plot multi channel signal in the current axes .
AXESACPSDPLOT(domain,ichl,x,filename,'KeyName','Key Value',...) plots

the autocorrelation [domain='ac'] or the power spectral de nsity

[domain="psd'] using Welch's method of the selected channe Is ichl of

the mcsignal x. Key options can be specified to fine tune the p lot.

These options are interpreted by the present function, and t hey are

passed to the global function NEWFIG which is used to open a ne w figure

window. The values of the key options interpreted by the pres ent

function may be scalars / single strings, or vectors / cell ar rays of

strings. In the first case, the same value is employed for all

channels, while in the second case, values for all of the mcsi gnal's

channels (not only the selected channels ichl) have to be pro vided.

domain '‘ac' to plot autocorrelation, 'f' to plot power spect ral
density.

ichl Channels to plot. Default: all channels.

X mcsignal object.

filename File to save the plot to, using the global function S AVEFIG.

Can be omitted if you do not want to save the plot.

‘Windowtype' In case of a PSD plot, the window type has to be
specified. Valid choises are ‘rectwin' and ‘hanning'.
Default: rectangular window (‘rectwin’).
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‘Windowlength' In case of a PSD plot, the window length (in da ta points)
has to be specified. Default: n_(x)

‘Overlap' In case of a PSD plot, the overlap length (in data po ints)
has to be specified. Default: 0
'‘AddToPlott Command evaluated after all built in plotting r outines, as to

add elements to the figure, e.g. equal human response curves
'‘AxesSize' Size of the axes in centimeters. See NEWFIG for mo re info.
‘Blank' Do not plot the curve, plot only the axes and the label S.
'‘Data’ Value is assigned to the local variable 'Data’, which can be
used by the 'AddToPlot' command. If a cell array is provided,
the contents of cell i is assigned to the local variable 'Data ‘
when plotting channel i.

ix First index of the time interval to plot.
Default: 1
X' Last index of the time interval to plot.
Default: x.N
'logx’ Logarithmic scale for first axis or not
Default: 0
'logy’ Logarithmic scale for first axis or not
Default: 0
‘Language’ Label language.
‘en' or 'nl'
Default: 'en’
'‘Legend' Default: no legend. See also LEGEND.
‘LegendLoc’ Legend location. Default: 'Best'. See also LEG END.
'‘LineWidth' Default: 0.5 for domain 't' and 'f', and 1.5 for d omain 'b'.
‘Margins' Margins between the axes and the bounding box, in ¢ entimeters.
See NEWFIG for more info.
'‘NXTick' Number of XTicks (approximately, see the global fu nction TICK).
Default: auto.
'‘NYTick' Number of YTicks (approximately, see the global fu nction TICK).
Default: auto.
'XLabel' X-axis label.
Default: defined using MCSIGNAL/LABEL
'YLabel' Y-axis label.
Default: defined using MCSIGNAL/LABEL
"XMin' X-axis scaling: minimum value.
Default: left side of the plotted curve.
'XMax' X-axis scaling: maximum value.
Default: right side of the plotted curve.
'YMin' Y-axis scaling: minimum value.
Default: defined as a function of the plotted curve Y(X):
-max(abs(Y)) for domain 't, 0 for domain 'f and min(Y) for
domain 'b'.
'YMax' Y-axis scaling: maximum value.

Default: defined as a function of the plotted curve Y(X):

max(abs(Y)) for domain 't and max(Y) for domains 'f' and 'b'
‘Color’ Color of the plot. Default: 'b' (blue). Other valid

parameters: 'g' (green), 'r' (red), 'c' (cyan), 'm’

(magenta), 'y' (yellow), k' (black) and 'w' (white)
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See also NEWFIG, SAVEFIG, MCSIGNAL/TPLOT, MCSIGNAL/FRIGSTGNAL/BPLOT.

5.1.2 axesCPSDFRFCOHplot

AXESCPSDFRFCOHPLOT  Plot multi channel signal in the curren axes.
AXESCPSDFRFCOHPLOT(domain,refch,ichl,x,filename,'KeyName','KeyValue',...) plots

the cross power spectral density [domain='cpsd’], the freq uency response
function [domain="frf] or the coherence function [domain ='coh’] of
the mcsignal x. Key options can be specified to fine tune the p lot.
These options are interpreted by the present function, and t hey are
passed to the global function NEWFIG which is used to open a ne w figure
window. The values of the key options interpreted by the pres ent
function may be scalars / single strings, or vectors / cell ar rays of
strings. In the first case, the same value is employed for all
channels, while in the second case, values for all of the mcsi gnal's
channels (not only the selected channels ichl) have to be pro vided.
domain ‘cpsd' to plot cross power spectral density, frf' to plot
frequency response function and 'coh' to plot coherence
function.
refch Reference channel.
ichl Channels to plot. Default: all channels.
X mcsignal object.
filename File to save the plot to, using the global function S AVEFIG.

Can be omitted if you do not want to save the plot.
‘Windowtype' In case of a PSD plot, the window type has to be
specified. Valid choises are ‘rectwin' and ‘hanning'.
Default: rectangular window (‘rectwin').
'‘Windowlength' In case of a PSD plot, the window length (in da ta points)
has to be specified. Default: n_(x)

'‘Overlap' In case of a PSD plot, the overlap length (in data po ints)
has to be specified. Default: 0
'‘AddToPlott Command evaluated after all built in plotting r outines, as to

add elements to the figure, e.g. equal human response curves
'‘AxesSize'  Size of the axes in centimeters. See NEWFIG for mo re info.
‘Blank' Do not plot the curve, plot only the axes and the label S.
'Data’ Value is assigned to the local variable 'Data’, which can be
used by the 'AddToPlot' command. If a cell array is provided,
the contents of cell i is assigned to the local variable 'Data '
when plotting channel i.

ix First index of the time interval to plot.
Default: 1

X' Last index of the time interval to plot.
Default: x.N

'logx’ Logarithmic scale for first axis or not
Default: O

‘logy’ Logarithmic scale for first axis or not

Default: O
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‘Language’ Label language.

‘en’ or 'nl’
Default: 'en’
'‘Legend' Default: no legend. See also LEGEND.
‘LegendLoc’ Legend location. Default: 'Best'. See also LEG END.
'‘LineWidth' Default: 0.5 for domain 't' and 'f', and 1.5 for d omain 'b'.
‘Margins' Margins between the axes and the bounding box, in ¢ entimeters.
See NEWFIG for more info.
'‘NXTick' Number of XTicks (approximately, see the global fu nction TICK).
Default: auto.
'‘NYTick' Number of YTicks (approximately, see the global fu nction TICK).
Default: auto.
'XLabel' X-axis label.
Default: defined using MCSIGNAL/LABEL
'YLabel' Y-axis label.
Default: defined using MCSIGNAL/LABEL
"XMin' X-axis scaling: minimum value.
Default: left side of the plotted curve.
"XMax' X-axis scaling: maximum value.
Default: right side of the plotted curve.
'YMin' Y-axis scaling: minimum value.

Default: defined as a function of the plotted curve Y(X):
-max(abs(Y)) for domain 't, 0 for domain 'f and min(Y) for
domain 'b'.

'YMax' Y-axis scaling: maximum value.
Default: defined as a function of the plotted curve Y(X):
max(abs(Y)) for domain 't and max(Y) for domains 'f' and 'b'

See also NEWFIG, SAVEFIG, MCSIGNAL/TPLOT, MCSIGNAL/FRICSTGNAL/BPLOT.

5.1.3 axesplot

AXESPLOT  Plot multi channel signal in the current axes.
AXESPLOT(domain,ichl,x,flename,'KeyName','KeyValue ',...) plots the time

history [domain=t"], the frequency content (continuous F ourier transform)
[domain='f] or the one third octave band spectrum of the RMS value
[domain="b] of the selected channels ichl of the mcsignal x . Key options
can be specified to fine tune the plot. These options are inte rpreted by
the present function, and they are passed to the global funct ion NEWFIG
which is used to open a new figure window. The values of the key options
interpreted by the present function may be scalars / single s trings, or
vectors / cell arrays of strings. In the first case, the same v alue is
employed for all channels, while in the second case, values f or all of the
mcsignal's channels (not only the selected channels ichl) h ave to be
provided.

domain 't to plot time history, 'f' to plot frequency conten t, or 'b'

to plot the one thirds octave band spectrum of the RMS value.
ichl Channels to plot. Default: all channels.
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X mcsignal object.

filename File to save the plot to, using the global function S AVEFIG.
Can be omitted if you do not want to save the plot.

'‘AddToPlott Command evaluated after all built in plotting r outines, as to

add elements to the figure, e.g. equal human response curves
'‘AxesSize'  Size of the axes in centimeters. See NEWFIG for mo re info.
'‘Blank' Do not plot the curve, plot only the axes and the label S.
'‘Data’ Value is assigned to the local variable 'Data’, which can be

used by the 'AddToPlot' command. If a cell array is provided,

the contents of cell i is assigned to the local variable 'Data

when plotting channel i.

ix' First index of the time interval to plot.
Default: 1
X Last index of the time interval to plot.
Default: x.N
‘logx’ Logarithmic scale for first axis or not
Default: O
‘logy’ Logarithmic scale for first axis or not
Default: O
‘Language’ Label language.
‘en' or 'nl’
Default: 'en’
'‘Legend' Default: no legend. See also LEGEND.
'‘LegendLoc’ Legend location. Default: 'Best'. See also LEG END.
‘LineWidth' Default: 0.5 for domain 't and 'f', and 1.5 for d omain 'b".
‘Margins' Margins between the axes and the bounding box, in ¢  entimeters.
See NEWFIG for more info.
'NXTick' Number of XTicks (approximately, see the global fu nction TICK).
Default: auto.
'NYTick' Number of YTicks (approximately, see the global fu nction TICK).
Default: auto.
'XLabel' X-axis label.
Default: defined using MCSIGNAL/LABEL
'YLabel' Y-axis label.
Default: defined using MCSIGNAL/LABEL
"XMin' X-axis scaling: minimum value.
Default: left side of the plotted curve.
'XMax' X-axis scaling: maximum value.
Default: right side of the plotted curve.
YMin' Y-axis scaling: minimum value.
Default: defined as a function of the plotted curve Y(X):
-max(abs(Y)) for domain 't, 0 for domain 'f* and min(Y) for
domain 'b'.
'YMax' Y-axis scaling: maximum value.

Default: defined as a function of the plotted curve Y(X):
max(abs(Y)) for domain 't' and max(Y) for domains 'f' and 'b’

See also NEWFIG, SAVEFIG, MCSIGNAL/TPLOT, MCSIGNAL/FRIGSTGNAL/BPLOT.
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5.1.4 bplot

BPLOT  Plot multi channel signal 1/3 octave band RMS spectrum .
BPLOT(ichl,x,filename,'KeyName','KeyValue',...) exec utes the function
PLOT('b',ichl1,x,filename,' KeyName','KeyValue',...).

Use x.bplot{ich1}(filename,'KeyName','KeyValue',...) to access this function.

See also MCSIGNAL/PLOT.

5.1.5 concatenate

MCSIGNAL  Multi channel time signal (unity time = 1 s) constru ctor.
y = MCSIGNAL(s1,s2,...) concatenates the time histories of the mcsignals
sl, s2,... to a single mcsignal. The number of channels must b e the
same for all mcsignal objects. The sampling frequency, quan tity,
sifactor and labels of y are equal to those of sl.

sl1,s2,... mcsignal objects to assemble into 1 mcsignal.
y resulting mcsignal object

See the example master files for info on the usage of the MCSIG NAL class.

5.1.6 decimate

DECIMATE Decimate a mcsignal.
y = DECIMATE(X,...) applies the global function
DECIMATE(x.tdata,...) to the channels of the mcsignal x.

X mcsignal object.
y mcsignal object.

Use y = x.decimate(...) to access this function.

See also the global function DECIMATE.

5.1.7 delete

DELETE Delete channels from a mcsignal.
y = DELETE(ichl1,x) deletes the channels ichl from the mcsign al x.

X mcsignal object.
ichl Channels to delete. Default: all channels.
y mcsignal object.

Use y = x.delete{ichl} to access this function.

See also MCSIGNAL/SELECT.
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5.1.8 detrend

DETREND Detrend a mcsignal.
y = DETREND(ichl,x,...) applies the global function
DETREND(x.tdata(:,ichl),...) to the specified channels i

X mcsignal object.
ichl Channels to detrend. Default: all channels.
y mcsignal object.

Use y = x.detrend{ichl}(...) to access this function.

See also the global function DETREND.

519 df

DF  Multi channel signal frequency resolution.
y = DF(x) returns the frequency resolution of the mcsignal x.

X mcsignal object.
y Frequency resolution [Hz].

Use y = x.df to access this function.

5.1.10 dinkb

DINKB  Frequency weighting of a velocity mcsignal according
y = DINKB(ichl,x) multiplies the frequency content of the sp
channels ichl of the mcsignal x with the weighting function o
global function DINWEIGHT. The sifactor of the specified ch
1/1000, as to obtain a signal in [mm/s].

chl of the mcsignal x.

to DIN 4150-2.
ecified
btained by the
annels is set to

X mcsignal object.
ichl Channels to apply the weighting to. Default: all channe Is.
y mcsignal object.

Use y = x.dinkb{ichl} to access this function.

See also the global function DINWEIGHT.

5.1.11 dinkbf

DINKBF  Running effective value of a (weighted) velocity mcs
according to DIN 4150-2.
y = DINKBF(ichl,x) applies frequency weighting to the selec
channels ichl of the mcsignal x if necessary, so delivering a
From this signal, the running effective value in [mm/s] is ca
using the global function DINKBF(x.tdata(:,ichl1),x.F).

ignal

ted
KB mcsignal.
Iculated
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X mcsignal object.
ichl Channels to apply the operation to. Default: all channe Is.
y mcsignal object.

Use y = x.dinkbf{ichl} to access this function.

See also the global function DINKBF.

5.1.12 dinkbtau

DINKBTAU  Running effective value of a (weighted) velocity m  csignal
according to DIN 4150-2.

y = DINKBTAU(ichl,x,...) applies frequency weighting to th e selected
channels ichl of the mcsignal x if necessary, so delivering a KB mcsignal.
From this signal, the running effective value in [mm/s] is ca Iculated

using the global function DINKBTAU(x.tdata(:,ichl),x.F, tau).

X mcsignal object.

ichl Channels to apply the operation to. Default: all channe Is.

y mcsignal object.

Use y = x.dinkbtau{ichl1}(...) to access this function.

See also the global function DINKBTAU.

5.1.13 disp

DISP  Display multi channel signal metadata.
DISP(x) prints the metadata of the mcsignal x to the console w indow.

X mcsignal object.

5.1.14 display

DISPLAY Display multi channel signal metadata.
DISPLAY(x) prints the metadata of the mcsignal x to the conso  le window.
MATLAB calls this method whenever a mcsignal object is the re sult of a
statement that is not terminated by a semicolon.

X mcsignal object.

5.1.15 domf

DOMF  Multi channel signal dominant frequency.
y = DOMF(x) returns the dominant frequency of the mcsignal x.

X mcsignal object.
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y Sampling frequency [Hz].

Use y = x.domf to access this function.

5.1.16 dt

DT  Multi channel signal time step.
y = DT(x) returns the time step of the mcsignal x.

X mcsignal object.
y Time step [s].

Use y = x.dt to access this function.

5.1.17 f
F  Multi channel signal frequency vector.
y = F(X) returns a vector containing the first positive frequ

corresponding to the FFT of the data stored in the mcsignal x.

X mcsignal object.
y Frequencies [HZz].

Use y = x.f to access this function.

See also MCSIGNAL/F2, MCSIGNAL/FFTFREQ.

5.1.18 f2
F2  Multi channel signal frequency vector.
y = F2(x) returns a vector containing the frequencies corres

FFT of the data stored in the mcsignal x, up to the Nyquist freq

X mcsignal object.
y Frequencies [Hz].

Use y = x.f2 to access this function.

See also MCSIGNAL/F, MCSIGNAL/FDATA2.

5119 f_

F_ Multi channel signal sampling frequency.
y = F_(x) returns the sampling frequency (*NOT* the Nyquist f
the mcsignal x.

X mcsignal object.
y Sampling frequency [Hz].

encies

ponding to the
uency.

requency) of
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Use y = x.F to access this function.

5120 f.n_

F_N_  Multi channel signal Nyquist frequency.
y = F_N_(x) returns the Nyquist frequency of the mcsignal x.

X mcsignal object.
Nyquist frequency [Hz].

Use y = x.FN to access this function.

5.1.21 fdata

FDATA  Multi channel signal frequency content.
y = FDATA(X) returns the frequency content of the mcsignal x, obtained by
calling Matlab FFT which is a DFT. An approximation of the con  tinuous
Fourier transform can be obtained by dividing y by the sampli ng frequency.
X mcsignal object.
y Frequency content.

Use y = x.fdata to access this function.

See also MCSIGNAL/FDATAZ2.

5.1.22 fdata2

FDATA  Multi channel signal frequency content.
y = FDATA2(x) returns the frequency content of the mcsignal x up to the
Nyquist frequency, obtained by calling Matlab FFT which is a DFT. An
approximation of the continuous Fourier transform can be ob tained by
dividing y by the sampling frequency.

X mcsignal object.
y Frequency content.

Use y = x.fdata2 to access this function.

See also MCSIGNAL/FDATA, MCSIGNAL/F2.

5.1.23 tfreq

FFTFREQ Multi channel signal frequency vector.
y = FFTFREQ(X) returns a vector containing the frequencies ¢ orresponding to
the FFT of the data stored in the mcsignal X.
Conceptually, y = [0:df:F/2, -F/2:df:0].
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X mcsignal object.
y Frequencies [HZz].

Use y = x.fftfreq to access this function.

See also MCSIGNAL/F and the global function FFTFREQ.

5.1.24 lter

FILTER  Filter a mcsignal.
y = FILTER(ichl,x,B,A,...) applies the global function

FILTER(B,A,x.tdata(:,ichl),...) to the specified channe Is ichl of the
mcsignal x.

X mcsignal object.

ichl Channels to filter. Default: all channels.

y mcsignal object.

Use y = x.filter{ich1}(B,A,...) to access this function.

See also MCSIGNAL/FILTFILT and the global function FILTER.

5125 ltlt

FILTFILT  Filter a mcsignal.
y = FILTFILT(ich1,x,B,A,...) applies the global function

FILTFILT(B,A,x.tdata(:,ichl),...) to the specified chan nels ichl of the
mcsignal X.

X mcsignal object.

ichl Channels to filter. Default: all channels.

y mcsignal object.

Use y = xfiltfilt{ich1}(B,A,...) to access this function.

See also MCSIGNAL/FILTER and the global function FILTFILT.

5.1.26 fplot

FPLOT  Plot multi channel signal frequency content.
FPLOT(ichl,x,filename,'KeyName','KeyValue',...) exec utes the function
PLOT('f',ichl,x,filename,'KeyName','KeyValue',...).

Use x.fplot{ichl}(filename,'KeyName','KeyValue',...) to access this function.

See also MCSIGNAL/PLOT.
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5.1.27 integrate

INTEGRATE Integrate a mcsignal.
y = INTEGRATE(ich1,x,...) applies the global function

INTEGRATE(x.tdata(:,ich1),x.F,...) to the specified cha nnels ichl of the
mcsignal x.

X mcsignal object.

ichl Channels to integrate. Default: all channels.

y mcsignal object.

Use y = x.integrate{ichl1}(...) to access this function.

See also the global function INTEGRATE.

5.1.28 key
KEY  Extract one key value from a list of key options with unkno wn length.
y = KEY(name,default,KeyName','KeyValue',...) compare s the 'KeyName's

with 'name' and returns the following 'KeyValue'. If no 'Key Name' matching
‘name’ is found, 'default' is returned.

name Name of the argument to retrieve the value of.
default  Default argument value.
y Argument value.

See also VARARGIN.

5.1.29 labels
LABELS  Multi channel signal label per channel.
y = LABELS(x) returns a cell array containing strings descri bing the label

for each channel of the mcsignal x.

X mcsignal object.
y Cell array containing label describing strings, e.g. '12z "

Use y = x.labels to access this function.

5.1.30 mcsignal

MCSIGNAL  Multi channel time signal (unity time = 1 s) constru ctor.

y = MCSIGNAL(s1,s2,...) assembles the mcsignals s1, s2,... to a single
mcsignal.

y = MCSIGNAL(ddffile,quantity,sifactor,labels) creates a mcsignal
containing the data in the specified DasyLab DDF file. Quant ity

defaults to 'volt' and sifactor defaults to 1.
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y = MCSIGNAL(tdmfile,quantity,sifactor,labels) creates a mcsignal
containing the data in the specified LabVIEW TDM file. Quant ity
defaults to 'volt' and sifactor defaults to 1.

y = MCSIGNAL(wavfile,quantity,sifactor,labels) creates a mcsignal
containing the data in the specified Test.Lab WAV file. Quan tity
defaults to 'volt' and sifactor defaults to 1.

y = MCSIGNAL(ascfile,F,quantity,sifactor,labels) creat es a mcsignal
containing the data in the specified ASCII file. Sifactor de faults to 1.
y = MCSIGNAL(x,F,quantity,sifactor,labels) creates a mcs ignal
containing the data in the specified matrix x. Columns are in terpreted
as channels. Sifactor defaults to 1.

sl,s2,... mcsignal objects to assemble into 1 mcsignal.

ddffile DasyLab DDF file name.

ascfile Name of an ASCII file containing a multi channel time signal.
Columns are interpreted as channels.

X Matrix containing a multi channel time signal.
Columns are interpreted as channels.

F Sampling frequency, *NOT* the Nyquist frequency.

quantity Text string describing the data type per channel, e .g. 'volt',

‘acc’, 'velo', 'disp', force'. If not equal for all channels
then provide a cell array containing different text strings .
sifactor Factor to multiply the stored signal data with as to obtain the

signal in the SI units corresponding to the specified quanti ty.

If not equal for all channels then provide a vector.
labels Text string describing the different channels. Defa ults to
the channel number

See the example master files for info on the usage of the MCSIG NAL class.

5.1.31 md5

MD5  Generate MCSIGNAL signature using MD5 algorithm.
y = MD5(x,accu) returns a 512-bit signature identifying all data stored in
the mcsignal x: tdata, F, quantity, sifactor. The tdata is ta ken into
account with the specified accuracy: deviations smaller th an

MAX(tdata(:)) * accu are ignored.

b = MD5(...,y) returns true if the signature of the mcsignal x equals .
X mcsignal object.

accu Accuracy, default: 1le-8

y MD5 signature.

b Boolean.

Use y = x.md5 to access this function.
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5132 n_

N_  Multi channel signal length.
y = N_(x) returns the number of samples per channel for the mcs ignal x.

X mcsignal object.
y Number of samples per channel.

Use y = x.N to access this function.

5.1.33 nch

NCH  Multi channel signal number of channels.
y = NCH(x) returns the number of channels for the mcsignal x.

X mcsignal object.
y Number of channels.

Use y = x.nch to access this function.

5.1.34 noelec

NOELEC Remove specified frequency components from a mcsigal.
y = NOELEC(ichl,x,...) applies the global function

NOELEC(x.tdata(:,ich1),x.F,...) to the specified channe Is ichl of the

mcsignal x.

X mcsignal object.

ichl Channels to remove frequency components from. Default : all channels.
y mcsignal object.

Use y = x.noelec{ichl1}(...) to access this function.

See also the global function NOELEC.

5.1.35 numel

NUMEL  Function called before subsref to determine the numbe r of outputs.
n = NUMEL(...) always returns 1.

5.1.36 plot

PLOT  Plot multi channel signal.
PLOT(domain,ichl,x,filename,'KeyName','KeyValue',.. .) plots the time
history [domain=t"], the frequency content (continuous F ourier transform)
[domain='f] or the one third octave band spectrum of the RMS value
[domain="b] of the selected channels ichl of the mcsignal x . Key options

can be specified to fine tune the plot. These options are inte rpreted by
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the present function, and they are passed to the global funct

vectors / cell arrays of strings.

provided.

ion NEWFIG

which is used to open a new figure window. The values of the key options
interpreted by the present function may be scalars / single s trings, or
In the first case, the same v alue is
employed for all channels, while in the second case, values f or all of the
mcsignal's channels (not only the selected channels ichl) h ave to be
't to plot time history, 'f' to plot frequency conten t, or 'b'

domain
ichl

X

filename
'AddToPlot'
'AxesSize'

'‘Blank’
'Data’

'‘Language’
'‘Legend'
‘LegendLoc’
‘Margins'
'‘NXTick'

'‘NYTick'

to plot the one thirds octave band spectrum of the RMS value.

Channels to plot.
mcsignal object.
File to save the plot to, using the global function S

Default: all channels.

AVEFIG.

Can be omitted if you do not want to save the plot.

Command evaluated after all built in plotting r

outines, as to

add elements to the figure, e.g. equal human response curves

Size of the axes in centimeters. See NEWFIG for mo re info.
Do not plot the curve, plot only the axes and the label S.
Value is assigned to the local variable 'Data’, which can be

used by the 'AddToPlot' command. If a cell array is provided,
the contents of cell i is assigned to the local variable 'Data
when plotting channel i.

Default: 1

‘en' or 'nl’

Default: 'en'

First index of the time interval to plot.

Last index of the time interval to plot.
Default: x.N
Label language.

Default: no legend. See also LEGEND.

Legend location.

Default: 'Best’. See also LEG END.

'‘LineWidth' Default: 0.5 for domain 't' and 'f', and 1.5 for d omain 'b'.
Margins between the axes and the bounding box, in ¢ entimeters.
See NEWFIG for more info.
Number of XTicks (approximately, see the global fu nction TICK).
Default: auto.
Number of YTicks (approximately, see the global fu nction TICK).

'XLabel'

"YLabel'

"XMin'

'XMax'

YMin'

Default: auto.

X-axis label.

Default: defined using MCSIGNAL/LABEL

Y-axis label.

Default: defined using MCSIGNAL/LABEL

X-axis scaling: minimum value.

Default: left side of the plotted curve.

X-axis scaling: maximum value.

Default: right side of the plotted curve.

Y-axis scaling: minimum value.

Default: defined as a function of the plotted curve Y(X):
-max(abs(Y)) for domain 't, 0 for domain 'f* and min(Y) for

domain 'b'.
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'YMax' Y-axis scaling: maximum value.

Default: defined as a function of the plotted curve Y(X):
max(abs(Y)) for domain 't and max(Y) for domains 'f and 'b’

See also NEWFIG, SAVEFIG, MCSIGNAL/TPLOT, MCSIGNAL/FRICSTGNAL/BPLOT.

5.1.37 quantity

QUANTITY  Multi channel signal data type per channel.
y = QUANTITY(x) returns a cell array containing strings desc
type for each channel of the mcsignal x.

X mcsignal object.

ribing the data

y Cell array containing data type describing strings, e.g. ' volt'.

Use y = x.quantity to access this function.

5.1.38 resample

RESAMPLE Resample a mcsignal.
y = RESAMPLE(x,P) applies the global function
RESAMPLE(x.tdata,P,x.F) to the channels of the mcsignal, t
the sampling frequency of x to P.
y = RESAMPLE(x,P,Q,...) applies the global function
RESAMPLE(x.tdata,P,Q,...) to the channels of the mcsignal

X mcsignal object.
y mcsignal object.

Use y = x.resample(P) or x.resample(P,Q,...) to access this

See also the global function RESAMPLE.

5.1.39 select

SELECT Delete channels from a mcsignal.
y = SELECT(ichl,x) deletes the channels ichO from the mcsign
Only the channels ichl are kept.

X mcsignal object.
ichl Channels to keep.
y mcsignal object.

Use y = x.select{ich1}(...) to access this function.

See also MCSIGNAL/DELETE.

hus setting

function.

al x.
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5.1.40 setn_

SETN_  Set number of samples of mcsignal.
y = SETN(X,N) truncates the mcsignal x if it is longer than N sa mples and
pads is with zeros otherwise.

X mcsignal object.
N number of samples.
y mcsignal object.

Use y = x.setN(N) to access this function.

5.1.41 setsifactor

SETSIFACTOR  Convert mcsignal units.
y = SETSIFACTOR(ichl,x,sifactor) sets the Sl factor (more i nfo: see MCSIGNAL)
of the selected channels to the specified value. E.g. to conv ert an
acceleration signal 'x' from [m/s"2] to [g], use
y = SETSIFACTOR(ich1,x,9.81).

X mcsignal object.

ichl Channels to convert. Default: all channels.

sifactor New Sl-factor, e.g. 9.81 for the conversion from [m /s"2] to [g].
If not equal for all channels then pass a vector.

y mcsignal object.

Use y = x.setsifactor{ichl}(sifactor) to access this funct ion.

5.1.42 sifactor

SIFACTOR  Multi channel signal Sl-factor.

y = SIFACTOR(x) returns the factors to multiply the stored si gnal data with
as to obtain the signal in the Sl units corresponding to the ch annel's
guantity.

X mcsignal object.

y Sl-factors.

Use y = x.sifactor to access this function.

5.1.43 subsref

SUBSREF Handle references to the methods of a mcsignal.
SUBSREF(x,ref) is called by Matlab whenever one of the follo wing commands is
encountered: x(...), x.method{ich1}(...), x.method(... ), etc.

X(...) is conceptually equal to x.tdata(...).
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x.abcd{ich1}(...) results in the execution of the method

abcd(x,ichl,ich0,...) where ichl is a vector containing th e channels
specified by the user and ichO is a vector containing the rema ining channels.
x.abcd(...) results in the execution of the method

abcd(x,ichl,ich0,...) where ichl is a vector containing al | channels and ichO
is an empty vector.

To take into account the case insensitivity of Windows file n ames and

therefore names of M-files, the called method is converted t o an M-file name

as follows: an underscore ' ' is inserted right after every c apital and

every underscore.

5144 t

T  Multi channel signal time vector.
y = T(X) returns a vector containing the times corresponding to the samples
stored in the mcsignal x.

X mcsignal object.
y Times [s].

Use y = x.t to access this function.

5.1.45 t_

T_ Multi channel signal period.
y = T_(x) returns the period of the mcsignal x.

X mcsignal object.
y Period [s].

Use y = X.T to access this function.

5.1.46 tdata

TDATA  Multi channel signal time history.
y = TDATA(X) returns the time history of the mcsignal x.

X mcsignal object.
y Time history.

Use y = x.TDATA to access this function.

5.1.47 tplot

TPLOT  Plot multi channel time history.
TPLOT(ichl,x,filename,'KeyName','KeyValue',...) exec utes the function
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PLOT('t'ichl,x,filename,'’KeyName','KeyValue',...).

Use x.tplot{ichl}(filename,'KeyName','KeyValue',...) to access this function.

See also MCSIGNAL/PLOT.

5.1.48 trim

WINDOW  Restrict an mcsignal to a certain range of samples.
y = WINDOW(x,s_I,s_u) selects the signals from sample s | an d s_u and

X mcsignal object.
s | lower sample number
s u upper sample number
y mcsignal object.
5.1.49 volt2x
VOLT2X  Convert multi channel signal from Volt to actual unit S.
y = VOLT2XC(ichl,x,sensnr,...) applies the global functio n
VOLT2X(x.tdata(:,ichl),S,...) to the specified channels ichl of the
mcsignal x. The sensitivities S and the quantities to conver t to result

from the global function SENSITIVITY(sensnr).

X mcsignal object.

ichl Channels to convert. Default: all channels.

sensnr Sensor numbers, specified in one of the files 'sensor s-bwm.txt'
and 'sensors-other.txt', which should be located in the Mat lab
path.

y mcsignal object.

Use y = x.volt2x{ich1}(sensnr,...) to access this function

See also the global functions VOLT2X and SENSITIVITY.

5.1.50 volt2xa

VOLT2XA  Convert multi channel signal from Volt to actual uni ts.
y = VOLT2XA(X,...) applies the global function
VOLT2X(x.tdata,...) to all channels of the mcsignal x.

X mcsignal object.

sens Sensitivities. For accelerations: [V/(m/s"2)]

amp Amplification factors. Can be in [dB].

db 1 if amp is in [dB], O otherwise.

quantity  Text string describing the data type per channel, e .g. 'volt',

‘acc', 'velo', 'disp', force'.
label Label defining the channel, e.g. '5z'
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y mcsignal object.

See also the local function VOLT2X and the global function VO  LT2X.

5.1.51 weight

WEIGHT  Apply frequency weighting to a mcsignal.
y = WEIGHT(ichl,x,H) multiplies the frequency content of th e
specified channels ichl of the mcsignal x with the weighting function H.
Use FFTFREQ to obtain the frequencies to use for the definiti on of H.

X mcsignal object.

ichl Channels to weight. Default: all channels.
H Weighting function.

y mcsignal object.

Use y = x.weight{ichl}(H) to access this function.

See also MCSIGNAL/FFTFREQ.

5.1.52 window

WINDOW  Apply a time window to a mcsignal.
y = WINDOW(ichl,x,w) multiplies the selected channels of th e mcsignal x with

the corresponding channels of the window function w. If w onl y contains a
single channel then this one is used for all selected channel s of x.

X mcsignal object.

ichl Channels to apply the window to. Default: all channels.

w Window function. Must have x.N rows and 1 or x.nch columns.

y mcsignal object.

Use y = x.window{ichl}(w) to access this function.

See also MCSIGNAL/TRIM and the global functions DINTRIMDAAR and BUTTERWINDOW.

5.2 Conversion

521 cell_

CELL_ Convert char to cell

x = cell_(y)
y a char of size (m,n)
X a cell of size (m,1)

Note white spaces at the ends are trimmed
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5.2.2 fe2ss
FE2SS Conversion of a finite element to a state-space model.

[A,B,C,D] = fe2ss(K,M,Cv,Ts)
[A,B,C,D] = fe2ss(K,M,Cv,Ts,DOF,uDOF,udDOF,uddDOF,iDCF)

AB,C,D state-space matrices. If Ts=0, the description is i n
continuous-time. If Ts>0, the description is in discrete-t ime.
In the discretization, a ZOH assumption is made.

K,M,Cv finite element stiffness, mass, and viscous damping matrices

Ts sampling time interval. If Ts = 0, the resulting descripti on is
in continuous-time.

DOF vector with degree of freedom numbers of K,M, and Cv (opti onal)

uDOF output displacement degrees of freedom numbers (optio nal)

udDOF output velocity degrees of freedom numbers (optional )

uddDOF output acceleration degrees of freedom numbers (opt ional)

iDIF input force degrees of freedom numbers (optional)

5.2.3 input2mcsignal

INPUT2MCSIGNAL This function converts measurement files t o objects of the
mcsignal class. The MCSIGNAL class combines the storage of t he time

history of a multi channel signal, the sampling frequency an d the
quantities and units of all channels with a set of methods (1) to
determine the signal's metadata in all of its forms (samplin g
frequency, time period, time step, resolution in the freque ncy domain,
Nyquist frequency,...), (2) to access the time history and t he
frequency content of the signal, and (3) to perform operatio ns on the

signal (integrate, decimate,...).

X = input2zmcsignal(file, ext, f sample)

file a char containing in each row the name of the file that
needs to be converted
ext a char containing in each row the corresponding file type

(‘mat', 'asc', 'ddf', 'msd’, tdm', ‘wav', 'f32")

f sample sampling frequency (only needed when at least one o f the
extentions is equal to 'asc’)

x{1}, x{2}, ...
the created mcsignal objects

NOTE: When the extension equals 'msd’, the different files a re assumed

to be measured simultaneously, and they are always combined into a
single mcsignal object.

5.2.4 modal2ss

MODAL2SS Compose a deterministic, stochastic, or combined
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deterministic-stochastic discrete-time state-space mod el from modal
parameters. A Zero-Order-Hold (ZOH) discretization schem e is assumed.

[Lambda,Bm,Phi,D,Km] = modal2ss(fud,xi,Phi,Ld,Km,Ts,t ypes)

[Lambda,Bm,Phi,D,Km] combined deterministic-stochasti c state-space model
in decoupled (i.e., modal) form. In the special case of a pure ly
stochastic state-space model, Bm and D are empty. In the spec ial
case of a purely deterministic state-space model, Km is empt y.

fud vector with undamped eigenfrequencies.

Xi vector with modal damping ratios (units: % of critical).

Phi  matrix with mode shapes.
Ld matrix with deterministic modal participation vectors.

Km vector with Kalman filter in modal form.
Ts samping period (units: s).

types vector with output data types.

5.2.5 rmfd2ss

RMFD2SS Conversion of a Right Matrix Fraction Description m odel to a
frequency-domain state-space model, i.e. a state-space mo del with
complex matrices

[A,B,C,D] = rmfd2ss(Ap,Bp)

Ap, Bp 3D matrices containing the matrix polynomials of the r mfd
description (3rd dimension: polynomial order)

AB,C,D complex matrices of the equivalent state space desc ription

5.2.6 rmfd2sysmat

RMFD2SYSMAT convert structure of identified Right Matrix F  raction
Description models to an equivalent structure of State Spac e models

sysmat = rmfd2sysmat(rmfd)

rmfd  structure of identified RMFD models
sysmat structure of SS models

5.2.7 volt2x

VOLT2X  Convert data from Volts to actual units.
[X,r/] = VOLT2X(volt,sens,amp,db,direction)
volt Data in Volt.

sens Sensitivities. For accelerations: [V/(m/s"2)].
amp Amplification factors. Can be in [dB].
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db 1 if amp is in [dB], O otherwise. Can be specified for all

channels individually (1 * nch) or at once (1 * 1).
direction  Defaults to +1 for every channel. Specify -1 to rev
channel. Can be specified for all channels
individually (1 * nch) or at once (1 * 1).
X Data in actual units. For accelerations: [m/s"2].
r Conversion rates per channel. For accelerations: [m/s"2/

5.3 Mathematics

5.3.1 Kronpr
KRONPR Calculation of the Kronecker product
X = Kronpr(A,B)

AB matrices for which the Kronecker product has to be calcul
X the Kronecker product of A and B

5.3.2 blckComp

BLCKCOMP Calculation of Block Companion matrix
X = blckComp(A)
X Resulting Block Companion matrix

A 3D-matrix comtaining the block colmns of the block Compani
(the third dimension corresponds to the block row position)

5.3.3 blckHank
BLCKHANK Calculation of Block Hankel matrix

X = blckHank(C,R)

X Resulting Block Hankel matrix

C 3D-matrix containing the first block column of the block Ha
(the third dimension corresponds to the block row position)

R 3D-matrix containing the last block row of the block Hankel

(the third dimension corresponds to the block column positi

5.3.4 blckToep
BLCKTOEP Calculation of Block Toeplitz matrix

X = blckToep(C,R)

ert a

V],

ated

on matrix

nkel matrix

matrix
on)
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X Resulting Block Toeplitz matrix
C 3D-matrix containing the first block column of the block To eplitz matrix
(the third dimension corresponds to the block row position)
R 3D-matrix containing the first block row of the block Toepl itz matrix
(the third dimension corresponds to the block column positi on)
5.3.5 blckVec

BLCKVEC Calculation of Block Vector
x = blckVec(Y)
X Resulting Block Vector

Y 3D-matrix containing the block elements of the block Vecto r (the
third dimension corresponds to the block number)

5.3.6 cov._

COV_ Calculation of sample covariance matrix

Y = cov_(X)
X an m x 1 x n matrix containing m variables and n observations
Y the sample covariance matrix of X

5.3.7 eiglr

EIGLR calculation of eigenvalues and left and right eigenve ctors of a
matrix

[L,X,Y] = eiglr(A)

diagonal matrix with eigenvalues

corresponding right eigenvectors

corresponding left eigenvectors

the matrix for which the eigenvalue problem needs to be solv ed

> < X

one has: X*L/X = A and Y*conj(L)/Y = A

5.3.8 key
KEY  Extract one key value from a list of key options with unkno wn length.
y = KEY(name,default, KeyName','KeyValue',...) compare s the 'KeyName's
with 'name' and returns the following 'KeyValue'. If no 'Key Name' matching

'name’ is found, 'default' is returned.

name Name of the argument to retrieve the value of.
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default  Default argument value.
y Argument value.

See also VARARGIN.

539 re_
RE_ Stacking the real part of a matrix on top of the imaginary p art
y = re_(x)
X complex matrix (may also be purely real or purely imaginary ) of
size m x n
y real matrix of size 2m x n
5.3.10 vec_

VEC_ Vectorization of a matrix

X = vec_(X)
X a matrix of size m x n
X a vector of size mn x 1

5.3.11 vecuns
VECUNS unselect from vector

y = vecuns(x,ind)

X vector from which some elements are unselected

ind the element numbers of x which have to be unselected
(not the elements themselves)

y X without ind

5.4 Modal analysis

54.1 anpsd

ANPSD Calculate Averaged Normalized Power Spectral Densit y from Positive
Power Spectral Density data, and related operational defle ction shape
(ODS) information.

allmodes = anpsd(nonpar,quants)
allmodes = anpsd(freqgs,psdp,ref,quants)

allmodes a structure containing the operational deflectio n shape (ODS)



102 Overview of MACEC functions

information. Allmodes contains the following fields:

allmodes.anpsd averaged normalized power spectral densit y function.
size: 1 x n_f with n_f the number of frequency lines.
y is equal to the weighted mean of the Power Spectral
Densities of the reference outputs.

allmodes.f vector with corresponding frequencies [Hz]

allmodes.m matrix with operational deflection shapes in it S
columns [m]. For a particular frequency, the
corresponding ODS is computed as the column containing
the largest element of the PSD matrix.

allmodes.mpc vector with modal phase colinearities of the O DSs [-]

allmodes.mpd vector with mean phase deviations of the ODSs [ ]

allmodes.wscheme string containing mode schaling informa  tion. Equals to
‘unit', since the ODSs have been scaled to unit modal
displacement.

allmodes.quants cell containing the physical quantities o f each ODS
component.
nonpar structure containing a system description identifi ed using

nonparametric system identification.

freqs frequency lines for which the PSDP has been estimated.

psdp positive power spectral density matrix. size: n_o x n_r ef x n_f
with n_ref the number of reference outputs

ref  vector with reference output numbers

guants a cell containing the measured output quantities.

Note: in order to avoid negative values of the estimated ANPS D (the so-called

positive realness problem), the function returns the magni tude of
the estimated ANPSD.
Note: damping ratios are not computed, since the half-power bandwidth

method for computing damping ratios is inaccurate.

54.2 cmif

CMIF Calculate the Complex Mode Indication Function (CMIF) , also referred
to as Frequency Domain Decomposition (FDD), and related mod al
information, from Frequency Response Function (FRF, input  -output) or
Positive Power Spectral Density (PSD+, output-only) data.

allmodes = cmif(nonpar,quants)

allmodes = cmif(fregs,frf,quants,loc,ampl)
allmodes = cmif(fregs,psdp,quants)
allmodes a structure containing the modal information. All modes contains
the following fields:
allmodes.f vector with frequency lines [Hz]
allmodes.s matrix with corresponding FRF/PSD singular val ues
(second dimension: frequency).
allmodes.m 3D-matrix with corresponding mode shapes (2nd

dimension: singular value; 3rd dimension: frequency).
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allmodes.mpc matrix with modal phase colinearities of the O DSs (1st
dimension: singular value; 2nd dimension: frequency).

allmodes.mpd vector with mean phase deviations of the ODSs [ ] (1st
dimension: singular value; 2nd dimension: frequency).

allmodes.wscheme string containing mode schaling informa  tion. Equals to
‘'unit' (unit modal displacement scaling).

allmodes.Id matrix with deterministic discrete-time moda I
participation vectors in each column [-]
allmodes.quants cell containing the physical quantities o f each mode
shape component.
nonpar structure containing a system description identifi ed using

nonparametric system identification.

fregs frequency lines for which the PSDP has been estimated.

psdp positive power spectral density matrix. size: n_o x n_r ef x n_f
with n_ref the number of reference outputs

quants a cell containing the measured output quantities.

loc  driving point locations (output numbering). If loc equa Is zero,
the modes are scaled to unity.

ampl driving point amplitude.

Note: the PSD is computed by taking the sum of the provided PSD + function
and its complex conjugate, for each frequency line.

Note: damping ratios are not computed, since the half-power bandwidth
method for computing damping ratios is inaccurate.

5.4.3 drawmodes
DRAWMODES Plot a mode in the current axes
drawmodes(mode3,modenr,amp,complmode,plotcolour,lin  ewid,anim_, ...

gridfile,path_beam,path_slave,nodplot,xlims,ylims,z lims,...
axeq,grid_,phase_,view )

mode3 structure array containing mode shape information (s ee
function mode3D.m)

modenr number of mode to draw

amp amplification factor for the modal displacements

complmode equals to 1 if a complex mode must be drawn, otherwi se 0

plotcolour colour that is used for the plot (e.g. 'k', 'b', .. )

linewid line width to use

anim_ equals to 1 if the plot is used in an animation

path_beam path to beam or surface file

path_slave path to slave file (empty string if no slaving is r equired)

nodplot equals to 1 if node numbers must be drawn, otherwise 0

xlims limits of X axis. if 0, default values

ylims limits of Y axis. if 0, default values

zlims limits of Z axis. if 0, default values

axeq equals to 1 if the axes have equal length, otherwise O

grid_ equals to 1 if the grid needs to be plotted, otherwise 0
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phase_ phase to plot
view_ view matrix

5.4.4 globmod

GLOBMOD combining modal parameters of different setups to o ne global set
of modal parameters

[stabglobmodes,global_nodes,global_dirs] = ...
globmod(stabmodescell,node_num,meas_dir)

stabmodescell
cell for which each entry contains the modal parameters iden tified for
a single measurement setup. Such entry is a structure of the s ame

form as allmodes, see stable propmodpar5.
stabglobmodes

structure containing the combined modal parameters. It has the same
form as allmodes, see stable_propmodpar5. The following fi elds,
however, are not present: 'o', 'mtn’, 'df', 'dxi', 'mac’, 'd mtn',
'stdf', 'stdxi’, 'stdmr', 'stdmi', 'stdmmax’, 'cov', and ' quants'.
node_num, meas_dir
three-dimensional arrays containing in each depth level th e node

numbers and measurement directions for each setup

Remarks:
(1) Unity modal mass scaling is possible if the mode shapes of
all setups are scaled in this way. Otherwise, the global mode
shapes are scaled to unit modal displacement.
(2) If all setups contain exactly the same DOFs, the mode shap es
are averaged.

See also stable_propmodpar5

545 mac

MAC Modal Assurance criterion (matrix) calculation

N
1

mac(x)
mac(x,y)

N
I

X,y: matrices containing mode shapes in each column
z if y is not specified, z is the mac matrix of x. If y is specifi ed,
z contains the MAC values between the modes in x and the modes in vy.

5.4.6 mdtime

MDTIME  Time-domain modal decomposition of a measured outptronly signal.
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[ym,z] = mdtime(y,Lambda,Phi,Km)

ym 3D matrix; first dimension: output number, second dimens  ion: mode
number, third dimension: time.

y matrix with measured outputs.
[Lambda, Phi, Km] stochastic state-space matrices in decou pled (i.e.,
modal) form.

See also modal2ss.

5.4.7 mod3D
MOD3D calculate 3D mode shapes
mode3 = mod3D(mod_sel,node_num,meas_dir,grid)

mode3 a structure array consisting of the grid of the 3D mode
shapes (mode3.grid) and the x, y and z components of the
different mode shapes (mode3.x, mode3.y and mode3.z).

mod_sel a matrix of measured mode shapes

node_num a vector with node numbers

meas_dir a matrix with the measurement directions

grid the measurement grid

5.4.8 modeselect
MODESELECT select modes from allmodes, that mach the stabilization criteria.

stabmodes = modeselect(allmodes,df,dxi,dm,dampco,damp Ico,trnormco,
dmtn,maxfrstd,maxdmpstd,maxmodstd,mpclb,mpub,mpdub)

[stabmodes,stabfdmodes,stabfmmodes,stabfmodes,unsta bmodes,selectedmodes] = ...

modeselect(allmodes,df,dxi,dm,dampco,damplco,trnorm co,dmtn, ...
maxfrstd,maxdmpstd,maxmodstd,mpclb,mpub,mpdub);

staballmodes has the same structure as allmodes, but contai ns only the
stable modes
stabfdmodes contains the modes that have stable frequency a nd damping,

but no stable mode shape, for whith the damping ratio
lies between the upper and lower bounds and that have
the highest modal transfer norms

stabfmmodes contains the modes that have stable frequency a nd mode
shape, but no stable damping, for whith the damping
ratio lies between the upper and lower bounds and
that have the highest modal transfer norms

stabfmodes contains the modes that have stable frequency, b  ut no
stable mode shape or damping, for whith the damping
ratio lies between the upper and lower bounds and
that have the highest modal transfer norms
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allmodes a structure containing all the modes (see stable p ropmodpar.m
for the structure of allmodes)

df frequency stabilization criterium [%0]

dxi damping ratio stabilization criterium [%]

dm mode shape stabilization criterium [%)]

dampco damping ratio upper bound [%]

damplco damping ratio lower bound [%)]

trnormco if, for a certain model order, the modes are ordered in
descending modal transfer norm, only the first trnormco
modes are stable

dmtn modal transfer norm stabilization criterium [%)]

maxfrstd upper bound on the standard deviation of the freque ncy

maxdmpstd upper bound on the standard deviation of the dampi ng
ratio

maxmodstd upper bound on the standard deviation on any real o r
imaginary component of the mode shape.

mpclb lower bound on the modal phase collinearity

mpub upper bound on the mean phase []

mpdub upper bound on the mean phase deviation []

549 modnd

MODFIND Find for a certain order the mode number in allmodes t hat is closest to
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unstabmodes

selectedmodes

contains the unstable modes

contains the modes that have stable frequenc v,

for whith the damping ratio lies between the upper and
lower bounds and that have the highest modal transfer
norms

a given frequency.

modenr the resulting mode number of allmodes

yes a value equal to 1 if the mode has not been selected yet,
otherwise it is equal to 0

selnrs_new a vector containing all selected mode numbers

allmodes a structure containing all the modes (see stable p ropmodpar.m
for the structure of allmodes)

frequency the frequency that is sought for

order the model order that is sought for

selnrs_old a vector containing all previously selected mod e numbers

5410 mp

MP Mean phase calculation, according to the Total Least Squa res approach.

y = mp(Psi)
[y,X] = mp(Psi)

matrix containing a mode shape in each column
vector containing the mean phases of the modes in

Psi

y rees)

Psi (in deg
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X 2-column matrix containing, in each row j, coordinates in t he
complex plane such that y(j) = atan(X(j,2)/X(j,1)).

See also MPD, MPHC.

54.11 mpd

MPD Mean Phase Deviation, according to the Total Least Squar es approach.

y = mpd(Psi)

y = mpd(Psi,weight)

Psi matrix containing a mode shape in each column

y vector containing the mean phase deviations of the modes in Psi (in
degrees)

weight weighting factor. Valid values are 'abs' and 'none'. When ‘'abs' is
selected, the absolute values of the mode shape components a re used
as weighting factors. If 'none' is selected, all weighting f actors
equal 1. Defaults to 'abs'. Note that if all weights equal zer 0
(e.g., when the MPD of a zero vector is computed), y is set to
zero.

See also MP, MPHC.
5.4.12 mphc
MPHC Modal Phase Collinearity. The function calculates the modal phase

collinearity of each mode in Psi according to pp 3-4 of
R.S. Pappa, K.B. Elliot and A. Schenk: A consistent-mode ind icator for
the eigensystem realization algorithm. Technical report T M-107607, NASA,
Hampton, VA, 1992
y = MPHC(Psi)

Psi matrix containing a mode shape in each column
y vector containing the modal phase collinearities of the mo des in Psi

See also MP, MPD.

5.4.13 mscf

MSCF Modal scale factor (matrix) calculation

z = mscf(x,y)

X,y: matrices containing mode shapes in each column

z: matrix containing the modal scale factors between the col umns of X
and the columns of y
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5.4.14 npmodselect
NPMODSELECT Select modes after nonparametric system idenification.

stabmodes = npmodselect(allmodes,freqs)

stabmodes = npmodselect(allmodes,fregs,svnums)

allmodes nonparametric allmodes structure (structure: se e anpsd.m or
cmif.m).

freqs vector containing selected frequency lines

stabmodes structure containing the same fields as allmodes , but only at
the selected frequency lines.

svals vector containing the singular value numbers at the se lected

frequency lines (needed for CMIF/FDD only).

5.4.15 propmodpar5

PROPMODPAR5 Modal parameters of a continuous-time or discete-time state
space model. If the model is in discrete-time, a zero-order- hold (ZOH)
discretization assumption is used.

[fud,xi,Phi,quants,Ld,Km,Gm,refquants] = propmodpar5( AB,CD,...
Q.R,S,G,Lambda0,Ts,quants,loc,ampl,refs)

Phi matrix containing in each column a mode shape (scaled tot he mass
matrix if the input location is specified), in displacement
units.

fud row vector with the corresponding undamped frequencies

Xi row vector with the corresponding damping ratios in [%)]

Ld matrix containing in each column the corresponding
discrete-time deterministic modal participation vector

Km matrix containing in each column the corresponding modal Kalman
filter vector (only computed when the Control Systems Toolb oX
is available)

Gm matrix containing in each column the corresponding
discrete-time stochastic participation vector; although the

elements of Phi are re-scaled to displacement units, the

elements of Gm are not; this s
quants cell containing the output quantities. Valid argume nts are

‘acc' (accelerations), 'velo' (velocities), 'disp’

(displacements), and 'strain’' (strains). Since the output

gquantities are redefined to modal displacements or modal st rains,
quants is both an input and an output argument.
refquants cell containing the reference output quantities
A,B,C,D,Q,R,S,G,Lambda0 state-space system matrices. Fo r a

deterministic state-space description, obtained from an E MA test,
only A,B,C,D are provided, and the others are empty. For a
stochastic state-space description, obtained from an OMA t est,

either A,C,Q,R,S or A,C,G,Lambda0 are provided; the others are
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empty. For a combined deterministic-stochastic state-spa ce
description, obtained from an OMAX test, either A,B,C,D,Q, R,S
or AB,C,D,G,Lamda0 are provided; the others are empty.

loc driving point locations (output numbering). If loc equa Is zero,
the modes are scaled to unity.

ampl driving point amplitude.

refs reference output numbers

Ts sampling period. If the state-space model is in

continuous-time, Ts equals 0.

Notes: (1) Since Phi is in displacement units, an FRF that is s ynthesized
from the modal parameters obtained with propmodpar5 is a
force-displacement FRF.

(2) Since both Phi and Gm are rescaled to displacement units, a
PSD(+) or output correlation sequence synthesized from the se
are in displacement-displacement units.

5.4.16 ssmodparvar

SSMODPARVAR Calculate modal parameters and their covariarces from an
identified state-space model

[f,xi,Phi,covfxp,trnorm] = ssmodparvar(A,C,dt,ACcov,G ,units)

f vector of eigenfrequencies

Xi vector of corresponding damping ratios

phi matrix of mode shapes (each column contains a mode shape,

normalized to unit maximum displacement or normalized to 1 a t the
corresponding value in units)
units vector with output numbers that are normalized to 1 (ea ch entry
corresponds to a mode) (optional)
covfxp covariance matrix between the eigefrequency, dampi ng ratio and
mode shape of a single mode. syntax:
covixp(:,;,k) = Cov([f(k);xi(k);re_(phi(:,k))])
where Cov is a function that takes the covariance of a vector
guants cell containing the output quantities. Valid argume nts are
‘acc' (accelerations), 'velo' (velocities), 'disp'
(displacements), and 'strain' (strains). Since the output
quantities are redefined to mode shape quantities in
ssmodparvar, quants is both an input and an output argument.
trnorm vector with modal transfer infinity-norm values
A,C,G identified system matrices
ACcov covariance matrix of the identified matrices Cov([ve c_(A);vec_(C)])
dt the sampling period

5.4.17 stable _propmodpar5

STABLE_PROPMODPARS5 Computing all the modes of a sequencalisérete-time
state-space models



110 Overview of MACEC functions

allmodes = stable _propmodpar5(sysmat,Ts,chan_outin,am  pl_outin,quants,covind)

allmodes a structure containing the mode information

sysmat structure containing all identified system matrice S
Ts sampling period
chan_outin vector containing, for each input, the correspo nding output

DOF channel. If an input corresponds to no output DOF, the
value equals zero.

ampl_outin vector containing, for each input, the weightin g factor
needed for unity modal mass weighting

quants a cell containing the measured output quantities.

covind optional boolean indicating whether or not the compl ete
covariance matrices of the mode shapes are required. If
covind == 1, then allmodes.cov is not empty. Defaults to 0.

The structure allmodes has the following fields:

allmodes.f vector with eigenfrequencies [Hz]

allmodes.o vector with model orders [-]

allmodes.xi vector with damping ratios [%]

allmodes.m matrix with mode shapes in each column [m]

allmodes.Id matrix with deterministic discrete-time moda I
participation vectors in each column [-]

allmodes.km matrix with modal Kalman filter vectors in each column

(not empty when the covariance matrices of the process
and measurement noise are available in sysmat) [-]
allmodes.gm matrix with stochastic modal participation ve ctors in each column
(not empty when the covariance matrices of the
stochastic states at time k+1 and the stochastic
outputs at time k are available in sysmat) [-]

allmodes.trinfd vector with deterministic modal transfer infinity-norms
[abs(velocity/force)]
allmodes.trinfs vector with stochastic modal transfer inf inity-norms
[velocity]
allmodes.mpc vector with modal phase colinearities [-]
allmodes.mp vector with mean phases []
allmodes.mpd vector with mean phase deviations []
allmodes.dlambdac vector with minimal relative continuou s-time
eigenvalue distance to a mode of the nearest lower model orde r [%)]
allmodes.df vector with relative eigenfrequency differen ce w.r.t.

the same mode of the nearest lower model order as in
allmodes.dlambdac [%]

allmodes.dxi vector with relative damping ratio differenc e w.r.t.
the same mode of the nearest lower model order as in
allmodes.dlambdac [%]

allmodes.Dxi vector with absolute damping ratio differenc e w.r.t.
the same mode of the nearest lower model order as in
allmodes.dlambdac [%]

allmodes.mac MAC value between the current mode and the same mode
of the nearest lower model order as in allmodes.df [%)]



Modal analysis 111

allmodes.dtrinfd vector with relative deterministic moda | transfer
infinity norm difference w.r.t. the same mode of the
nearest lower model order as in allmodes.dlambdac [%)]
allmodes.dtrinfs idem, but for stochastic infinity-norm

allmodes.stdf  vector with standard deviations of the eigen frequencies [Hz]

allmodes.stdxi vector with standard deviations of the damp ing ratios [%]

allmodes.stdmr matrix with standard deviations of the real part of the
mode shapes

allmodes.stdmi  matrix with standard deviations of the imag inary part
of the mode shapes

allmodes.stdmmax vector with the maximal standard deviati ons of the
mode shapes

allmodes.cov 3D matrix containing in allmodes.cov(:,:,k) the

covariance matrix of

[allmodes.f(Kk);

allmodes.xi(k);

real(allmodes.m(:,k));

imag(allmodes.m(:,k))].

allmodes.wscheme string containing mode schaling informa  tion. If equal to

‘'unit', the mode shapes have been scaled to unit modal
displacement. If equal to 'mass', the mode shapes have been
scaled to unity modal mass.

allmodes.quants cell containing the physical units of each mode
shape component.

allmodes.refquants cell containing the physical units of e ach
reference output

allmodes.conj  boolean indicating whether, for a particula r mode,

another mode with complex conjugate eigenvalue has also
been identified. If so, only the mode with positive
eigenfrequency is listed in allmodes

Note: if some quantities (e.g., standard deviations) are no t available,
the corresponding parts of allmodes are empty.

5.4.18 stabpick
STABPICK Pick selected modes out of a structure named allmod es
stabmodes = stabpick(allmodes,selnrs,crit)

stabmodes a structure containing the selected modes (see
stable_propmodpar.m for the structure of stabmodes)
allmodes a structure containing all the modes (see
stable_propmodpar.m for the structure of allmodes)
selnrs a vector containing the selected mode numbers
crit the criterium according to which the poles are sorted.
Defaults to 'ascend'. Other possibility: ‘trnorm’
(in decending order of modal transfer norm)
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5.4.19

stabplot

STABPLOT plot stabilization diagram

stabplot(allmodes,staballmodes,stabfdmodes,stabfmmo

allmodes
staballmodes

stabfdmodes

stabfmmodes

stabfmodes

stabonly
plotall
colorind

f low
f_high
freqscale
psdpsum
frfsum

unstabmodes,stabonly, plotall,colorind,f_low,f_high,
freqscale,psdpsum,frfsum)

a structure containing all the modes (see stable p
for the structure of allmodes)
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des,stabfmodes, ...

ropmodpar.m

has the same structure as allmodes, but contai ns only
the stable modes
contains the modes that have stable frequency a nd damping,

for which the damping ratio lies between the upper and

lower bounds, that have the highest modal transfer

norms, and for which the modal phase colinearity is higher
than the threshold and the mean phase deviation lower

than the threshold.

contains the modes that have stable frequency a
shape, for whith the damping ratio lies between the
upper and lower bounds, that have the highest modal
transfer norms, and for which the modal phase
colinearity is higher than the threshold and the mean
phase deviation lower than the threshold.

contains the modes that have stable frequency, f

the damping ratio lies between the upper and lower

nd mode

or which

bounds, that have the highest modal transfer norms, and

for which the modal phase colinearity is higher than

the threshold and the mean phase deviation lower than

the threshold.

integer equal to 1 if only the stable modes need to be

plotted
integer equal to 1 if also the unstable modes need to

be plotted

integer equal to 1 if the plot must be in color,

otherwhise it is in greyscale

frequency lower bound

frequency higher bound

frequency scale (optional)

sum of power spectral densities (optional)

sum of frequency response functions (optional)

5.5 System identi cation

5.5.1 Hlestimate

H1ESTIMATE

[h1frf, hlcov,

FRF estimation using the H1 estimate

freqscale] = Hlestimate(predat,Nblocks,w

indowtype,...
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inputs,outputs,fmaxstr)

h1frf frf estimate using H1 method. row: outputs, columns:
frequencies, depth: inputs
hlcov 3D matrix of covariances on the H1 estimate. row: outpu ts,

columns: frequencies, depth: inputs

freqscale  frequency scale

predat mcsignal object

Nblocks number of blocks to be used in averaging procedure

windowtype window type to be used in averaging procedure. Va lid
arguments are 'rect' for a rectangular window and 'hann’
for a Hanning window

inputs vector with channel input numbers
outputs vector with channel output numbers
fmaxstr string indicating whether the maximal frequency in h1frf

should be the Nyquist frequency (‘fn’), or the sampling
frequency (‘fs') (optional, defaults to 'fn’)

5.5.2 PSDpos _corr

PSDPOS_CORR Estimation of Positive Power Spectral Densiti es (PSD+s) via
the correlogram method

[psdp,freqscale,cor,timescale] = PSDpos_corr(predat,N lags,outputs,...
refs,fmaxstr,dart)

psdp positive power spectrum estimate. row: outputs, colum ns:
frequencies, depth: inputs

cor corresponding correlations.

freqscale  frequency scale

predat mcsignal object

Nlags number of time lags to be used (zero lag included). Nlag S
equals the total number of (positive) frequency points

outputs vector with channel output numbers

refs vector with reference channel output numbers

fmaxstr string indicating whether the maximal frequency in psdp

should be the Nyquist frequency (‘fn"), or the sampling
frequency ('fs') (optional, defaults to 'fn’)
dart artificial damping (in % of critical) (optional, defau ts to 0)

5.5.3 PSDpos _per

PSDPOS_PER Estimation of Positive Power Spectral Densitie s (PSD+s) using
the periodogram approach

[psdp,freqscale] = PSDpos_per(predat,Nblocks,outputs, refs,m,fmaxstr)

[psdp,freqscale,cor,timescale] = ...
PSDpos_per(predat,Nblocks,outputs,refs,m,fmaxstr)

[psdp,freqscale,cor,timescale,psdpcov] = ...
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PSDpos_per(predat,Nblocks,outputs,refs,m,fmaxstr)

psdp positive power spectrum estimate. row: outputs, colum ns:
frequencies, depth: inputs
psdpcov 3D matrix of covariances on psdp. row: outputs, colu mns:

reference outputs, depth: frequencies

freqscale  frequency scale

timescale time scale

cor 3D matrix of correlation functions (without applying th e
time window). row: outputs, columns: reference outputs,
depth: time steps

predat mcsignal object

Nblocks number of blocks to be used in averaging procedure

outputs vector with channel output numbers

refs vector with reference channel output numbers

m time window parameter; if N is the total number of samples
and Nw is the length of the time window, m = N/Nw

fmaxstr string indicating whether the maximal frequency in psdp

should be the Nyquist frequency ('fn'), or the sampling
frequency ('fs") (optional, defaults to 'fn’)

55.4 RMFDcalc

RMFDCALC Calculation of Right Matrix-Fraction Descriptio n Polynomial.
This function is used after a non-parametric preprocessing step during
frequency-domain system identification.

rmfd = rmfdcalc(H_meas,method,orders,chanselout,chans  elin,...
refs,fregscale,f_low,f _high)

rmfd a structure array, containing the A and B matrix polynom ial
coefficients for the given system orders
H_meas a 3D array, containing FRF, PSD+ or combined FRF/PSD+

matrices for each frequency. The 3rd dimension is the
frequency dimension.

method describes the system identification method to be use d. If
the Poly-reference Least Squares Complex Frequency Domain
method has to be used, 'method' equals 'pLSCF'.

chanselout a vector, containing the output channels select ed for
identification

chanselin  a vector, containing the input channels selected for
identification

refs a vector, containing the reference channels selected f or
identification

freqscale  the vector with frequencies, corresponding to th e 3rd dimension
of H_meas. f goes from OHz up to the sampling frequency.

f low lower bound of the frequency range of interest

f up upper bound of the frequency range of interest
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55,5 csi_data

CSI_DATA Data-driven Reference-based Combined Determini stic-Stochastic
Subspace ldentification

invar = csi_data(F,Y,ii,ref)
[A,B,C,D,Q,R,S] = csi_data(invar,n)

F the input data

Y the output data

ii half the number of block rows in the Hankel matrix
invar  a structure which contains the results after QR and SVD
n the order of the identified system

A,B,C,D the system matrices

Q,R,S the noise covariance matrices

5.5.6 identsel

IDENTSEL Select output and input node numbers, measurement directions,
and quantities after system identification

[node_numout,meas_dirout,quants_out,chan_outin,ampl  _outin,refs] = ...
identsel(node_num,meas_dir,quants,chanselout,chanse lin,refers)

node_numout vector with the output DOF node numbers

meas_dirout matrix with output DOF measurement directions . Rows: DOFs,
columns: direction angles

quants_out list of output DOF quantities (cell)

chan_outin vector containing the output DOF number corresp  onding to an
input DOF. If an input has not the quantity ‘force' or it
does not correspond to exactly one output DOF, its value in
chan_outin equals 0.

ampl_outin vector containing the direction info of the corr esponding
element in chan_outin. Equals 1 if the output and input DOF
have the same direction, otherwise -1. It can also have an
intermediate value equal to the cosine of the angle between
both directions.

refs output numbers (NOT channels) corresponding to the
reference channels (optional)

node_num vector with all the node numbers

meas_dir matrix with all measurement directions. Rows: DOF s,
columns: direction angles

quants string list of all quantities

chanselout vector containing the output channels

chanselin  vector containing the input channels

refers reference output channels (only required if refs is a sked)
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5.5.7 makenonpar
MAKENONPAR Make a structure containing a nonparametric sysem description
nonpar = makenonpar(freqscale,realscale,frf,frfcov,ps dp,psdpcov,inputs,outputs,refs)

freqscale vector with discrete frequency lines where the
nonparametric system description is known

frf estimated frequency response function data (first dime nsion: outputs,
second dimension: inputs, third dimension: frequency)

frfcov covariance matrix of the estimated frf data. frfcov( 0aK)
contains the covariance matrix of vec_(frf(:,:,k))

psdp estimated positive power spectral density data (first dimension: outputs,
second dimension: reference outputs, third dimension: fre guency)

psdpcov  covariance matrix of the estimated psdp data. psdpc ov(:,:,K)
contains the covariance matrix of vec_(psdp(:,:,k))

inputs input numbers
outputs  output numbers
refs reference output numbers

5.5.8 modalmr
MODALMR Modal model reduction of a state-space model

[Ar,Cr] = modalmr(A,C,poles)

[Ar,Br,Cr,Dr] = modalmr(A,B,C,D,poles)
[Ar,Cr,Qr,Rr,Sr] = modalmr(A,C,Q,R,S,poles)
[Ar,Br,Cr,D,Qr,R,Sr] = modalmr(A,B,C,D,Q,R,S,poles)

A,B,C,D system matrices in the original state-space descri ption

Q.R,S noise covariance matrices in the original state-spac e
description

poles a vector with the poles which are RETAINED. All system
poles that are not in this matrix will be eliminated

Ar,Br,Cr,Dr system matrices in the reduced state-space des cription

Qr,Rr,Sr noise covariance matrices in the reduced state-sp ace
description

559 pLSCF4

pLSCF4 Poly-Reference Least Squares Complex Frequency Domin system
(p-LSCF) identification. No frequency weighting is applie d.

[A,B] = pLSCF4(H,nf,f low,f up)

A B the right matrix fraction description matrices resulti ng from
the identification. The third dimension corresponds to the
exponent of the z minus 1.

H the measured transfer function matrix at different
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frequencies (3rd dimension). H may also contain positive
power spectral densities (PSD+s) or a combination of FRFs an d

PSD+s.
n the required system order
f the vector with frequencies, corresponding to the 3rd dime nsion

of H. f goes from OHz up to the sampling frequency.
f low lower bound of the frequency range of interest
f up upper bound of the frequency range of interest

5.5.10 ss2mss
SS2MSS Conversion of a state-space description into its mod  al form

[Lambda, Cm] = ss2mss(A, C)

[Lambda, Bm, Cm, D] = ss2mss(A, B, C, D)

[Lambda, Cm, Qm, R, Sm] = ss2mss(A, C, Q, R, S)

[Lambda, Bm, Cm, D, QOm, R, Sm] = ss2mss(A, B, C, D, Q, R, S)

Lambda,Bm,Cm,Dm the state-space description in modal form . Lambda
is a diagonal matrix.

Qm,R,Sm the state-space noise covariance matrices in modal
form.

A,B,C,D the original state-space matrices

Q.R,S the original state-space noise covariance matrices.

5.5.11 ssi_data3
SSI_DATA3 Data-driven Reference-based Stochastic Subspa ce ldentification

invar = ssi_data3(Y,ii,ref,algorithm)
[A,C,Q,R,S] = ssi_data3(invar,n)

Y the output data
ii half the number of block rows in the Hankel matrix
ref column matrix containing the reference sensors
algorithm optional string containing the desired algorith m:
'PC','UPC' or 'CVA' Default: 'UPC'
invar results after QR and SVD.
n the order of the identified system
AC the identified state-space matrices
Q.R,S the identified state-space covariance matrices
5.5.12 ssicov
SSICOV calculates the system matrices A, C, Gref and LambdaO ref from
measured outputs y only, using reference-based stochastic subspace
idenficiation (SSl-cov/ref) [1]. The computation is done i n two

commands; the first command should only be called once when s everal



118 Overview of MACEC functions

system descriptions, with different model orders, are iden tified from
the same data, e.g. for constructing a stabilization diagra m. The
covariance matrix of the estimation errors can be optionall y computed,
according to the algorithm of [2,3]. The implementation of t his

covariance estimation procedure is much more memory effici  ent when
compared to previous editions of MACEC, but this procedure m ay require
most of the CPU time needed to run SSICOV.

invar = ssicov(Y,ii,refs,Nb)
[A,G,C,Lambda02,covAGCLambda02] = ssicov(invar,n)

Y Matrix containing the output vectors as its columns
ii Number of block rows in the block Hankel matrix
refs vector containing the reference outputs (row number of Y)

(optional; all outputs are reference outputs by default)
Nb Number of blocks in the covariance estimation process (op  tional;
equals to min(500,j) by default, with N the number of samples

minus 2%i). If N equals 1, the covariances of the system matr ices
are not estimated.
invar Structure containing intermediate identification r esults that are

independent of the system order n.

A,G,C,Lambda02 System matrices of the estimated stochasti ¢
state-space description.

covAGCLambda02 Complete statistical covariance matrix of the estimated
stochastic state-space description.

[1] B. Peeters and G. De Roeck: Reference-based stochastic s ubspace
identification for output-only modal analysis. Mechanica | Systems and
Signal Processing, 13(6):855-878, 1999.

[2] E. Reynders, R. Pintelon, and G. De Roeck: Uncertainty bo unds on modal
parameters obtained from Stochastic Subspace ldentificat ion.

Mechanical Systems and Signal Processing, 22(4):948-969, 2008.

[3] E. Reynders, R. Pintelon, and G. De Roeck. Consistent imp ulse
response estimation and system realization from noisy data . IEEE
Transactions on Signal Processing, 56(7):2696-2705, 2008

5.5.13 sysmatcalc

SYSMATCALC Calculation of system matrices for increasing s ystem orders.
This function is used after a stochastic or a combined
deterministic-stochastic subspace identification.

sysmat = sysmatcalc(invar,method,chanselout,chanselin ,refs,calcorders)

sysmat structure array, containing the A and C system matric es for
every possible even system order

invar structure array, containing the R factor from the

QR-decomposition, the U matrix and the singular values from
the SVD and the new order of the channels (differs from the
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old order if the reference-based SSI was used)

chanselout vector, containing the output channels selecte d for
identification

chanselin vector, containing the input channels selected f or
identification

refs vector, containing the output reference channels

method describes the system identification method used. If the

ssi_data method was used, 'method’' equals 'ssi_data'. If

the ssi_cov method was used, 'method' equals 'ssi_cov'.

If the csi_data method was used, 'method' equals 'csi_data’
calcorders vector, containing the model orders to be calcul ated
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Chapter 6

Veri cation examples

In this chapter, full examples are provided where MACEC is ugd in batch mode. They have two
purposes: (i) to demonstrate how the MACEC functions, which are explained in chapter 5, can be
employed directly, without the GUI, and (ii) to verify the pe rformance of MACEC by comparing the

obtained results with analytical solutions or benchmark results reported in the literature. So far, only

one example is provided. More examples will follow in futureeditions of this manual.

6.1 Example 1. 2DOF system

, —» uy(t) —> ua(t)
— y1(t) — ya(t)
k1 ko ks
AN WA A
(] ' (] ? (
Y Y il
© oo % o &

Figure 6.1: Veri cation example 1: 2DOF structure

In this example, a system with two degrees of freedom (DOFs)ad proportional damping is simulated
(g. 6.1). Itis used as an example in the classic textbook on nodal testing by Heylen et al [4, section
A.1.4.2]. The masses, dampers, and sti nesses have the folling values:

my; = my = 2kg

CZ:ZL

— — N
Ci=C=3-—— m=s

m=s’

ki = ks =4000%, k, = 2000X.

With these values, the mass, sti ness, and damping matrices & computed as
2 3 2 3

m=a™ O5_4% %4
2

0 mo 0

121
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2 3 2 3
c-a8t® G g5_,5 25 N
Co Cr+ C3 2 5 M=
2 3 2 3
‘- gkt ke k2 ¢ _4 6000 2000 ﬁ:
ko, ko + ks 2000 6000 M

The system has two inputsuy(t) and ux(t), which are the horizontal forces applied to the massesn;
and my, respectively. There are two outputsy(t) and y,(t), which are the horizontal accelerations of
the massesan; and my, respectively.

6.1.1 Example 1la: discretization

The purpose of this example is to check the in uence of the Zey-Order-Hold (ZOH) assumption during
discretization on the identi ed modal parameters. The assunption should only have an in uence on
the modal scaling factors, not on the eigenfrequencies, dapng ratios, and unscaled mode shapes
[9]. The Matlab source code of this example can be found in thde Examplela.min the examples
directory.

In MACEC, the system is de ned and converted to a discrete-time state-space model with the following
commands (note that a sampling frequency of 100Hz is chosen)

M =1[2 00 2]; % mass matrix

Cv = [6 -2;-2 5]; % damping matrix

K = [6000 -2000; -2000 6000]; % stiffness matrix

Ts = 1/100; % sampling period

[A,B,C,D] = fe2ss(K,M,Cv,Ts,[1.01 2.01],[].[],[2.01 2.0 1],[1.01 2.01));

% discrete-time ss model

The modal parameters are computed as follows

quants = cell_(strvcat('acc','acc’)); % define the output guantities
[f_ud,xi,phi,quantsnew,L] = propmodpar5(A,B,C,D,[],[] J000L00, Ts,quants,...
[1 2],[1 11,0); % compute the modal parameters

The corresponding continuous-time modal parameters are dhined from

[Ac,Bc,Cc,Dc] = fe2ss(K,M,Cv,Ts,[1.01 2.01],[],[],[1.0 1 2.01],[1.01 2.01)]);
% continuous-time ss model
quants = cell_(strvcat('acc','acc’)); % define the output guantities
[f_ud_c,xi_c,phi_c,quantsnew,Lc] = propmodpar5(Ac,Bc, Cc,Dc, [LILILI,---
[1,0,quants,[1 2],[1 1],[]); % compute the modal parameter S

It can be veri ed that the eigenfrequencies and damping ratbs obtained before and after discretization
are equal. The mode shapes are also equal up to a scaling factdhe mass-normalized mode shapes,
however, are not equal, due to the ZOH assumption. Table 6.1 &low shows one of the mode shapes
obtained for di erent sampling frequencies.
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Ts 0 1-50 1=100 1=1000 1=100000
11 | 0:5001 + 0:0042 | 0:4822 0:1054 | 0:4963 0:0515 | 0:5001 0:0014 | 0:5001 + 0:0041
21 | 0:5001 + 0:0042 | 0:4822 0:1054 | 0:4963 0:0515 | 0:5001 0:0014 | 0:5001 + 0:00417

Table 6.1: Veri cation example la: mode shape of mode 1 at:1176Hz, obtained from discretization
with a ZOH assumption for di erent sampling periods Ts.

6.1.2 Example 1b: pLSCF method

The purpose of this example is to check the performance of theleterministic pLSCF method for
experimental modal analysis. Hereto, the system is discréed at a sampling frequency of 100Hz,
and a sequence of inputaix and outputs yy is simulated; the inputs are taken as random Gaussian
sequences. The corresponding Matlab code reads

M =1[2 00 2]; % mass matrix

Cv =[5 -2;-2 5]; % damping matrix

K = [6000 -2000; -2000 6000]; % stiffness matrix

Ts = 1/100; % sampling period

[A,B,C,D] = fe2ss(K,M,Cv,Ts,[1.01 2.01],[],[],[1.01 2.0 1],1.01 2.01]);
% discrete-time ss model

N = 8192; % number of samples

randn('state',0); % ensure repeatability

u = randn(2,N); % Gaussian random input

y = zeros(2,N); y(;,1) = D*u(;,1); % initialization of outpu ts

x = zeros(4,N);

for par = 2:N

X(;,par) = A*x(:,par-1) + B*u(:,par-1);
y(:,par) = C*x(:,par) + D*u(:,par);
end

With the simulated data, a nonparametric FRF estimate is computed rst using the H; approach [4],
then a right-matrix fraction description (RMFD) model is co mputed using the pLSCF algorithm, the
RMFD model is converted to a state-space model, and then the mwdal parameters are computed:

types = cell_(strvcat(‘force’,'force’,'acc','acc’)); % define data types
labels = cell_(strvcat('1F','2F','1A",'2A"); % define ¢ hannel labels
predat = mcsignal([u' y'],1/Ts,types,1,labels); % make an mcsignal object
% with the simulated data
node_num = [1;2;1;2]; % define node numbers
% for each channel
meas_dir = [0 0;0 0;0 0;0 O0]; % define measurement
% directions for each channel
[h1frf, hlcov, freqscale] = Hlestimate(predat,4,'rect, [1 2],[3 4],fs");
% estimate FRFs
rmfd = RMFDcalc(h1frf,'pLSCF',2,[3 4],[1 2],[],fregscal e,0,50);

% estimate a right matrix
% fraction description of 3
% order 2 (exact order)
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[node_num,meas_dir,quants,chan_outin,ampl_outin,ref s] = ..
identsel(node_num,meas_dir,predat.quantity’,rmfd.ch anselout,...
rmfd.chanselin,rmfd.refs);

sysmat = rmfd2sysmat(rmfd); % convert to a state-space mode |

modes = stable_propmodpar5(sysmat,predat.dt,chan_outi  n,ampl_outin,quants);
% compute the modal parameters

Table 6.2 compares the identi ed modal parameters with the exact' values, obtained in section 6.1.1
after ZOH discretization with the same sampling frequency. The estimates are not exact, despite the
fact that the data are purely deterministic. It can be veri e d that increasing the number of samples
N increases the accuracy of the modal parameter estimates; deasing this number decreases the
accuracy.

exact deterministic pLSCF
fud 7:1176 10:0658 7:1486 10:0337
1:68 2:77 1:29 2:57

0:4963 0:0515 0:4930 0:0716 0:4961 + 0:0574 0:5014 0:0618
0:4963 0:0515 0:4930 + 0:0716 || 0:4883 + 0:0417% 0:4843 + 0:0803

Table 6.2: Verication example 1b: undamped eigenfrequenies f 4, damping ratios , and mode
shapes : exact values vs. the estimates obtained with deterministt pLSCF.

Figure 6.2 compares the exact frequency response functioi-RF), as found in [4, p.A1.30], with the

H 1 estimate and the FRF that is computed with the identi ed RMFD description. The corresponding
Matlab code can be found below

% compute FRFs

p = li*2*pi*freqscale; % Laplace variables

nf = length(fregscale); % number of frequency lines used in t he plot

frf_ex = zeros(2,2,nf); % initialize the matrix with exact F RFs

z = exp(Ts*p); % z variables

frf_rmfd = zeros(2,2,nf); % initialize the matrix with FRFs estimated
% from the rmfd description

Ar2 = rmfd.A_2(:,;,3); Arl = rmfd.A_2(:,:,2); ArO = rmfd.A_ 2(:,:,1);

% define the 'A' matrices of the right matrix
% fraction description

rmfd.B_2(:,:,2); BrO = rmfd.B_ 2(:,:,2);
% define the 'B' matrices of the right matrix
% fraction description

Br2

rmfd.B_2(:,:,3); Brl

for par = 1:nf,
frf_ex(:,:,par) = [2*p(par)*2+5*p(par)+6000 p(par)+200 0; ...
p(par)+2000 2*p(par)*2+4*p(par)+6000]...
[((2*p(par)"2+4*p(par)+6000)*(2*p(par)*2+5*p(par)+6 000)-(p(par)+2000)"2);
frf_ex(:,:,par) = frf_ex(:,:,par)*p(par)"2;
% compute the exact frf matrix
frf_rmfd(:,:,par) = (Br2*z(par)*2+Brl*z(par)+Br0)/(Ar 2*z(par)"2+Arl*z(par)+Ar0);
% compute the synthesized frf matrix using the
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end

frf_ex(:,:;,end/2+1:end)

% create figure
newfig([10,12])
subplot(2,1,1),

% identified RMFD

= conj(frf_ex(:,;,end/2:-1:1)

semilogy(fregscale,abs(squeeze(frf_ex(1,1,:))),...
freqscale,abs(squeeze(hi1frf(1,1,))),fregscale,abs(
xlabel(‘frequency [Hz]), ylabel('abs(FRF) [m/N]), xli
legend(‘exact','H1','pLSCF','location’,'southeast’)
title('Exact and estimated FRFs','fontsize’,14)

subplot(2,1,2)

plot(freqscale,angle(squeeze(frf_ex(1,1,:))),...
freqscale, angle(squeeze(hifrf(1,1,))),...
freqscale,angle(squeeze(frf_rmfd(1,1,:))))

xlabel(‘frequency [Hz]), ylabel('angle(FRF) [rad]), x

legend(‘exact','H1','pLSCF','location’,'southeast’)

abs(FRF) [m/N]
S

angle(FRF) [rad]

description

);

squeeze(frf_rmfd(1,1,:))))

m([0 50]),
lim([0 50]),
Exact and estimated FRFs
exact |
H1
pLSCF
0 10 20 30 40 50
frequency [Hz]
exact |
H1
pLSCF
0 10 20 30 40 50

frequency [Hz]
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Figure 6.2: Verication example 1b: Element (1;1) of the FRF matrix: exact values (blue), H1
estimate (green), and the estimate obtained with the identied RMFD description using deterministic

pPLSCF (red).
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6.1.3 Example 1c: modal time-domain response decompositio n using SSl-data

The purpose of this example is to demonstrate how the decompsition of a measured response, using
a stochastic state-space model identi ed from output only cata, can be implemented in MACEC. For
the theoretical background of the decomposition, we refera [6, sec. 7.3].

First, simulate the response in exactly the same way as in séon 6.1.2. Then, identify a stochastic
state-space model using the SSl-data method:

i = 10; % half the number of block rows
refs = [1 2]; % reference sensors

n = 4; % system order

types = cell_(strvcat(‘acc','acc"); % define data types

labels = cell_(strvcat('1A','2A")); % define channel labe Is

predat = mcsignal(y',1/Ts,types,1,labels); % make an mcsi gnal object
node_num = [1;2]; % define node numbers

meas_dir = [0 0;0 0], % define measurement directions
invar = ssi_data3(predat.tdata',ii,refs);

[Aid,Cid,Qid,Rid,Sid] = ssi_data3(invar,n); % estimate s tate-space model

The prediction error, that is, the RMS error between the measired response and the response predicted
by the identi ed model, can be computed as follows:

Sigmaid = dlyap(Aid,Qid); % state correlation

Gid = Aid*Sigmaid*Cid" + Sid; % state-output correlation
LambdaOid = Cid*Sigmaid*Cid' + Rid; % zero-lag correlation

Pid = dare(Aid',Cid',Qid,Rid,Sid,eye(size(A,1))); % Sol ve Riccati eq.

Kid = (Aid*Pid*Cid'+Sid)/(Rid+Cid*Pid*Cid"); % Kalman fi Iter

%

ypred = 0%y;

Zz = zeros(size(Aid));

for par = 1:N, % simulate response with identified forward in novation model

z(:,par+l) = (Aid-Kid*Cid)*z(:,par) + Kid*y(:,par);
ypred(:,par) = Cid*z(:,par);
end
%
prerr = zeros(2,1);
for par = 1:2 % compute prediction errors
prerr(par) = sqrt(sum((y(par,:)-ypred(par,:)).*2)/sum ((y(par,:)).”2))*100;
end

The computed prediction error is around 42 % for both channed. Although this might be surprising, it
can be veri ed that this prediction error can not be reduced noticeably by increasing the data length.
The Kalman lter yields optimal linear one-step ahead predictions [10], and 40 % is the best this lIter
performs for this system. As can be expected, much lower préction errors have been reported for
more lightly damped systems [6, sec. 8.3].

The time-domain decomposition of the measured response came computed from only 3 MACEC
functions. The following Matlab code illustrates this, and shows at ones how the decomposed signal
can be plotted as in g. 6.3.

!Note that for solving the Riccati equation, use is made of the Control Systems Toolbox ® of MATLAB.
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[fud,xi,Phi,quants,Ld,Km,Gm,refquants] = propmodpar5(
Rid,Sid,[],[], Ts,types,[].[],refs); % compute the modal

[Lambda,Bm,Phi,D,Km] = modal2ss(fud,xi,Phi,Ld,Km,Ts,t

ym = mdtime(y,Lambda,Phi,Km);

newfig([10 10])

hl = subplot(4,1,1); plot(y(1,:)); set(gca,'xlim',[0 500
h2 = subplot(4,1,2); plot(squeeze(ym(1,1,))); set(gca,
h3 = subplot(4,1,3); plot(squeeze(ym(1,2,:))); set(gca,
h4 =

subplot(4,1,4); plot(y(1,:)."-squeeze(ym(1,1,:)+y
set(gca,'xlim',J0 500],'ylim',5*[-1 1]);

xlabel(h4,'time [s]); ylabel(hl,'signal [m/s"2]); yla
ylabel(h3,'mode 2 [m/s"2]); ylabel(h4, 'error [m/s"2])

(631

Aid,[],Cid,[],Qid, ...
parameters
ypes);

1,ylim',5*[-1 1]);

xlim',[0 500],'ylim',5*[-1 1]);
'xlim',[0 500],'ylim",5*[-1 1]);
m(1,2,)));

bel(h2,'mode 1 [m/s"2]);

signal [m/sz]
o

mode 1 [m/sz]
o

mode 2 [m/sz]
o

_5 I I I I
0 100 200 300 400 500
(\l'_| 5 T T T T
%
% O (RSt I A A o S iy eyt
S
E _5 1 1 1 1
0 100 200 300 400 500
time [s]

Figure 6.3: Veri cation example 1c: modal time-domain respnse decomposition from an output-only

state-space model identi ed with SSl-data.
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