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Abstract

A reconstructed displacement field using near-field acoustic holography (NAH)

serves as an alternative to conventional measurement methods when it comes

to obtaining the high-resolution vibration response of a structure. The method

is highly applicable as it enables direct, non-contact measurement of the 3D

structural response based on a single acoustic measurement. Although useful,

the method’s ill-posed nature limits its use in the field of structural dynamics.

This problem can be effectively addressed by using regularization and/or field-

separation techniques that can attenuate the noise and the presence of external

acoustic sources. All these methods rely on the measurement of acoustic quan-

tities; therefore, the reconstruction of structural admittances is based solely on

the evaluation of the hologram(s). This article proposes an alternative approach

to improving the accuracy of NAH-based structural admittances by integrating

them with a few discrete response measurement on the structure itself. The

formulation relies on the mixing of the high-resolution NAH measurement with

accurate discrete measurements (e.g., accelerometer or laser vibrometer) using

dynamic substructuring techniques. The proposed hybrid approach is a very
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powerful modeling methodology that can integrate high-resolution spatial mea-

surements using NAH with the accuracy and consistency provided by precise

translation discrete measurements. In order to mix two experimental response

models System Equivalent Model Mixing (SEMM) method is proposed. An

experimental case study on a T-shaped structure demonstrates the robustness

and improved accuracy of the estimated structural admittances compared to

the plain NAH formulation.

Keywords: Acoustic measurement, Near-field acoustic holography, Dynamic

substructuring, System equivalent model mixing, Hybrid model

1. Introduction

Displacement identification based on acoustic measurement offers an alterna-

tive to traditional measurement methods such as accelerometers, laser vibrom-

etry and optical methods. While accurate, acceleration transducers allow the

user to acquire the dynamic information only at a discrete point [1], and even a5

relatively small mass of the accelerometer can impose a problem, especially with

lightweight structures [2]. Non-contact methods such as laser vibrometry can be

used to measure the dynamic response of the structure at a discrete locations.

Laser scanning vibrometer can be applied to deduce out-of-plane vibrations,

however, acquiring in-plane response requires multiple vibrometers [3]. Opti-10

cal measurement offer a spatially dense measurement, although the estimated

displacement from high speed camera generally exhibit relatively high levels of

noise [4].

The structural response measurement using near-field acoustic holography

(NAH) [5] relies on the acoustic pressure measurement called a hologram. This15

non-contact method is based on the source information captured in the near field

of an acoustic source. A fine grid of microphone positions enables a spatially

dense measurement and with this the possibility to obtain a high-resolution and

accurate 3D structural response. In contrast to laser vibrometery or high-speed

camera measurement, the 3D reconstruction can be obtained directly from the20
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acoustic measurement performed in a single plane, eliminating the need for

multiple measurement systems arranged in appropriate configuration to recon-

struct the 3D displacement field. With clear advantages of acoustic holography

measurement, the NAH based measurements were used for application in the au-

tomotive industry [6], health monitoring [7] and modal parameter identification25

[8].

Original NAH [5] is based on discrete Fourier transform (DFT) and imposes

certain limitations on the source identification. The method enables the mea-

surement of holograms obtained at a constant distance from the planar-shaped

emitting surface, assuming a source-free region. In order to accurately recon-30

struct the normal surface velocity, a pressure-field measurement over a complete

area is required so that the sound field falls to negligible levels outside the mea-

surement aperture. The problems associated with small measurement areas can

be addressed with a set of the patch NAH [9, 10] methods, such as the statis-

tically optimized NAH (SONAH) [11] or equivalent sources model (ESM) [12]35

that avoid truncation errors introduced by the DFT. Other methods that solve

Helmholtz integral equation such as the boundary element method (BEM) [13],

Helmholtz equation least-squares (HELS) method [14] and the hybrid NAH [15]

can be used to deduce the acoustic pressure radiating from arbitrarily shaped

surfaces. SONAH methodology is appealing to use when dealing with planar40

acoustic sources as there is no need for measurement aperture to exceed di-

mensions of the source. SONAH also exploits benefits of simple application of

Tikhonov regularization [16], suppressing measurement errors in order to obtain

meaningful solution.

Taking into account all the variations and improvements of the presented45

NAH methods, the overall accuracy of the method is still strongly influenced by

the measurement environment and the presence of background noise. Therefore,

NAH is typically limited to anechoic environments where any interfering sources

are eliminated. In order to assess the sound field radiated by the source of

interest in noisy environments, field-separation techniques are commonly used.50

These methods apply separation of the measured sound field into the incoming
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and outgoing sound field. The former represents the sound approaching from the

environment, while the latter, coming from the target source, is a combination

of the free-field generated by the source surface and the scattering field due to

the incoming wave. Particularly at high frequencies [17] or in small cavities55

[18], the scattering field is not to be neglected. In order to recover free-field

conditions, field-separation methods (FSM) based on DFT NAH [19–21], BEM

[22, 23], ESM [17, 24] and SONAH [25, 26] were developed. The majority of

FSMs rely on measurements of the acoustic pressure in two closely spaced planes

or combined measurements of the acoustic pressure and the particle velocity.60

This paper presents an alternative approach to improving the consistency of

the structural admittances obtained from the NAH. In contrast to regularization

and/or field-separation techniques, which rely on the measurement of acoustic

quantities, here the estimation of structural admittances is carried out by in-

cluding the discrete measurement of the response on the structure itself. The65

methodology proposes the integration of the structural response model of the

SONAH measurement with precise discrete measurements (e.g., accelerometer

or laser vibrometer) in a few discrete points using dynamic substructuring (DS)

techniques [27]. The method can be referred to as hybrid and therefore repre-

sents a very powerful modeling methodology that can integrate high-resolution70

spatial measurements using NAH with the accuracy and consistency provided by

precise translation discrete measurements. The hybrid model is established us-

ing the recently developed System Equivalent Model Mixing (SEMM) method

[28, 29]. With SEMM, different dynamic models of the same system can be

mixed into a single hybrid model using the Lagrange-multiplier frequency-based75

substructuring (LM FBS) method [27, 30]. Hybrid model follows the dynamic

behavior of a precise master model that is expanded to the all degrees of free-

dom (DoFs) of an equivalent slave model. Application of SEMM comprises

the expansion of the experimental dynamics to the unmeasurable DoFs for use

in coupling and decoupling processes [31], identification of inconsistent mea-80

surements in FBS [32, 33], and improving the accuracy of the experimental

response models [34]. Some practical considerations for the successful applica-
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tion of SEMM were given in [35]. When a modal analysis is performed using

NAH measurements, typically one excitation point is proposed [8]. Therefore,

two experimental response models with only one driving-point measurement are85

mixed using the fully extended SEMM formulation. To demonstrate the accu-

racy and efficiency of the proposed technique, an experimental case study on

a T-shaped structure is presented. It is clear that the hybrid approach offers

a more consistent measurement of the structural response, especially with re-

gards to the amplitude in the resonance regions. In addition, it can effectively90

address the issues associated with any microphone array misalignment. Finally,

it was shown that the hybrid formulation can eliminate the external background

acoustic sources from the structural response of the system.

The paper is organized as follows. The following section summarizes the

basic theory of SONAH and dynamic substructuring with a focus on the LM95

FBS and SEMM methods. Section 3 presents a proposed hybrid approach for

an improved estimation of the FRFs. Section 4 presents an experimental case

study, followed by conclusions in the final section.

2. Theoretical background

2.1. Basic theory of SONAH100

SONAH method makes it possible to reconstruct the normal surface veloc-

ity from a measurement on a near concentric surface. The sound pressure at

arbitrary estimation position r = (x, y, z) above the source is reconstructed as

a weighted sum of sound pressures, measured at N positions in the hologram

plane, rh = (xh, yh, zh):

p(r) ≈
N∑
n=1

cn(r)p(rh) = pT(rh)c(r). (1)

Superscript T denotes that the vector p(rh) is transposed. Vector c(r) can be

referred to as a transfer vector and is dependent on the geometry of microphone

array and the estimation position r:

c(r) =
(
AHA + εI

)−1
AHα(r), (2)
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where I is the identity matrix, ε is the positive regularization parameter, based

on Tikhonov regularization, and superscript H denotes Hermitian transpose.

AHA is a matrix of cross correlations between the measurement points and

AHα(r) is a vector of cross correlations between measurement points and esti-

mation position r. Matrix A contains elementary wave functions evaluated at105

the hologram surface, while vector α(r) consists of elementary wave functions

evaluated at the estimation position r. Considering infinite set of propagating

and evanescent elementary wave functions, elements of AHA and AHα(r) can

be evaluated using one dimension integrals as described in [11].

A particle velocity vector uχ (χ = x, y, z) can be obtained based on the

Euler’s equation of motion at the arbitrary estimation position r as:

uχ(r) =
−1

jωρ

∂p(r)

∂χ
=
−1

jωρ
pT(rh)

(
AHA + εI

)−1 ∂AHα(r)

∂χ
. (3)

2.2. System Equivalent Model Mixing (SEMM)110

The SEMM method was first introduced by Klaassen et al. [28] and is

developed using Lagrange multiplier frequency-based substructuring (LM FBS)

methodology [27]. This method allows the mixing of frequency-based models,

either of a numerical or an experimental nature, to build a hybrid dynamic

structural model of a given component.115

First, a short recap of the LM FBS method theory is summarized according

to [27]. To take into account all n subsystem, the integration of all the local

matrices into the block-diagonal form is performed. The equation of motion

considering all the subsystems in the frequency domain can be written as:1

u = Y (f + g) , where: Y =


Y1

. . .

Yn

 , u =


u1

...

un

 , f =


f1

...

fn

 , g =


g1

...

gn

 .
(4)

1An explicit dependency on frequency is omitted to improve the readability of the notation,

as will be the case for the remainder of the paper.
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The vector u represents responses in all DoFs to the external force vector f , and

g is the vector of the connectivity forces at the interface to ensure equilibrium

conditions. The matrix Y presents the block-diagonal admittance matrix of

all the considered subsystems. The compatibility conditions are given with the

signed Boolean matrix B (Eq. (5)), which ensures that the coupled structures120

have the same displacements at the interface DoFs. In addition to the compat-

ibility conditions, the equilibrium conditions (Eq. (6)) must also be introduced

by the interface forces in the form of a Lagrange multipliers vector λ:

Bu = 0, (5)

g = −BTλ. (6)

After considering the equilibrium and compatibility conditions in Eq. (4) and

eliminating the Lagrange-multipliers vector λ, the response of the coupled struc-

ture can be written as:

u = Ỹ f =
[
Y −YBT

(
BYBT

)−1
BY

]
f . (7)

Eq. (7) is a single-line equation of the LM FBS to couple models and represents

the basic formulation for the entire SEMM theory.125

The basic idea of the SEMM method is shown in Fig. 1. The method is

based on the parent model (Fig. 1a), which provides the extensive set of DoFs.

The actual dynamic properties are provided by the overlay model (Fig. 1b).

To form the final hybrid model (Fig. 1d) the dynamic properties of the parent

model are decoupled by means of the removed model (Fig. 1c).130

(a)

+

(b)

−

(c)

=

(d)

Figure 1: Equivalent models for the SEMM method; a) Parent model Ypar, b) Overlay

model Yov, c) Removed model Yrem, d) Hybrid model YSEMM.

The method uses a substructuring approach to expand the dynamic response
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model in an overlay model Yov to the DoF space of a parent model Ypar.

According to Eq. (4) the response of the hybrid model can be formulated as:

u = Y (f + g) , where: Y ,


Ypar

−Yrem

Yov

 , f =


fpar

f rem

fov

 , g =


gpar

grem

gov

 .
(8)

The entire DoF set of the parent model is divided into the internal (i) and

boundary (b) DoFs. The boundary DoFs must overlap with the overlay model to

enable the coupling of the response model, while the internal DoFs of the parent

model can be arbitrarily arranged. The equivalent models within the SEMM

method are formulated as admittance matrices by separating the internal and

boundary DoFs:

Ypar ,

Yii Yib

Ybi Ybb

par

, Yov ,
[
Ybb

]ov
, Yrem ,

[
Ybb

]par
. (9)

First, coupling of parent and overlay models projects dynamic properties of the

latter on the full-span DoF provided by the parent model. To remove dynamics

of the parent from the newly formed model, removed model (a condensed version

of parent model defined in the boundary DoF) is decoupled, resulting in hybrid

model following dynamic properties provided by the overlay model. Therefore,

SEMM can be treated as an expansion method [28]. The compatibility and

the equilibrium conditions (Eq. (5) and Eq. (6)) between the equivalent models

must also be considered, where the signed Boolean matrix is defined as:

B ,
[
Bpar Brem Bov

]
=

 0 −I I 0

0 0 −I I

 . (10)

Following the LM FBS methodology and eliminating the Lagrange multipliers

vector, the final equation is defined as:

Y = Y −YBT
(
BYBT

)−1
BY. (11)

By considering the localization matrix [28], a reformulation to the primal nota-

tion is achieved. Finally, the single-line form of the basic SEMM method can
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be written using the primary admittance:

YSEMM = Ypar −

Yib

Ybb

par

(Yrem)
−1

(Yrem −Yov) (Yrem)
−1
[
Ybi Ybb

]par
.

(12)

The basic SEMM method also has some extensions that increase its robust-

ness [28]. Extension presented here removes any spurious peaks from the hybrid

model in the frequency domain with an extension of the removed interface. If

the removed interface is extended to all the internal DoFs, then the removed

model has the following form:

Yrem =

Yii Yib

Ybi Ybb

par

. (13)

With extended interface removal of the parent dynamics from the hybrid model

is improved. The final form of the fully extended SEMM method in a single-line

notation is:

YSEMM = Ypar−Ypar
([

Ybi Ybb

]rem)+
(Yrem

bb −Yov)

Yib

Ybb

rem+

Ypar,

(14)

where superscript + denotes a pseudo-inverse.

3. Estimation of structural admittances from SONAH using SEMM

The hybrid formulation refers to the coupling of structural admittances from

different domain measurements. It is well known that the accuracy of the NAH

methods is strongly affected by the presence of background acoustic sources,135

reflective environments or inaccuracies in the position of the microphone array.

These interferences affect the accuracy of the reconstructed structural admit-

tances and are usually addressed by using extensions to the NAH formulation

in the form of regularization and field-separation techniques. This paper pro-

poses a hybrid methodology that aims to improve the consistency of recon-140

structed FRFs from the NAH method by integrating SONAH-based structural
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admittances with the discrete measurement on the structure itself. A proposed

approach, which comprises a dynamic substructuring technique, can be summa-

rized in four steps that are schematically presented in Fig. 2:

STEP 1: Identification of the experimental response model using the SONAH145

method. The structure is excited using a modal hammer or electro-

dynamic shaker in a selected set E of excitation points. The acoustic

pressure is measured using a microphone array at N discrete points

that are located within the area of the vibrating structure. Eq. (3)

is then used to deduce the vibrational response of the structure. In150

order to attenuate the measurement errors, the regularization of the

inverse solution is performed. Appropriate regularization parameter ε

is determined using L-curve criterion [16]. With vibrational response

reconstructed, frequency response functions (FRFs) are then calcu-

lated for N DoFs. In order to improve the signal-to-noise ratio, it155

makes sense to carry out several measurements and to perform aver-

aging.

STEP 2: Structural admittances obtained by the SONAH measurement are as-

sembled in the form of an admittance matrix, which presents the basis

for the evaluation of the parent and the removed model. The par-

ent and the removed model are, in accordance with a fully extended

SEMM, defined as:

Ypar = Yrem =

Yii Yib

Ybi Ybb


SONAH

∈ CN×E . (15)

STEP 3: Identification of the overlay model based on the laser vibrometer mea-

surement in the boundary DoFs. Care should be taken to ensure DoF

of the overlay model coincide with the boundary DoF of the parent

model, minimizing bias errors. The laser-based experimental response

model is re-ordered in the form of an admittance matrix and serves as
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an overlay model:

Yov =
[
Ybb

]
laser
∈ Cn×e, where: n ≤ N and e ≤ E. (16)

The laser vibrometer measurement introduces consistency to the pro-

posed hybrid formulation, since the measurement is not affected by a

noisy acoustical environment, as only the structural response is mea-160

sured.

STEP 4: Mixing all three identified response models into a hybrid model using

the fully extended SEMM method using Eq. (14). The dimensions of

the hybrid admittance matrix are equal to:

YSEMM ∈ CN×E . (17)

+ _ =

ovY

R
es

po
ns

e bb
D

P

bb2

bb1

bbn

...

parY

R
es

po
ns

e

ib1

ib

ib2

bb
D

P

bb1

bbn

...
...

N-n

remY

R
es

po
ns

e

ib1

ib

ib2

bb
D

P

bb1

bbn

...
...

N-n

SEMMY

R
es

po
ns

e

ib1

ib

ib2

bb
D

P

bb1

bbn

...
...

N-n

discrete laser measurementSONAH

Driving point (DP) LaserSONAH

Figure 2: Schematic representation of the hybrid methodology for the structural admittances

estimation from the SONAH using the fully extended SEMM method.

The typical use of the SEMM method involves mixing a numerical (parent)
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model with an experimental (overlay) model. Therefore, a full response model2

for the parent model can always be obtained based on the numerical model. The

disadvantage of using two experimental models as the input dynamics for the165

SEMM is the practical inability to obtain a full response model for the parent

model. Therefore, the parent model and, consequently, the removed model are

of reduced size and the motion, not observed in the parent model, imposes a

certain limitation to the presented method [34]. A decoupling step in SEMM

is compromised, as not all dynamic properties of the parent model are fully170

removed from the DoFs of the hybrid model. In case of SONAH methodology

this is common due to limited controllability of the interface DoF, which is a

consequence of a limited number of excitation points. However, as the parent

and overlay models are both of experimental nature and observe similar dynamic

behavior, this is proven not to be problematic and the hybrid model predicts175

overall dynamic response with sufficient accuracy. Experiment, presented later

in this paper, investigates a limit case with only one driving point used (depicted

in Fig. 2). With extension of the measurement to the several driving points,

even more consistent hybrid models can be obtained. Quality of the decoupling

step can be additionally validated using Interface Completeness Criterion (ICC)180

[36, 37] in order to ensure sufficient interface description.

It should be emphasized here that there are more advanced NAH formula-

tions [12, 13] and already-established practices to address the problems with the

presence of the external sound sources and other similar disturbances [25, 26].

Here, the idea is to demonstrate the possibility of integrating the discrete mea-185

surement performed on the structure with the high-resolution SONAH mea-

surement using the substructuring approach. Since the formulation relies on

the mixing of the structural admittances, it can be applied to all variations and

improvements of the NAH formulations, such as DFT NAH, BEM, ESM, etc.

2When referring to a full response model, a full FRF admittance matrix is considered. The

FRFs for each response DoF are obtained for the excitation at each separate DoF. Therefore,

the full admittance matrix for each frequency is a square matrix.
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4. Experiment190

To demonstrate the efficiency and robustness of the proposed approach, an

experimental case study on a T-shaped structure is presented. The approach

characterization is based on a comparison of the structural admittances between

the proposed SEMM-based SONAH and the classic, SONAH formulation. First,

the accuracy and efficiency of the SEMM-based SONAH formulation is charac-195

terized, taking into account the ideal measurement conditions in the anechoic

chamber. Second, the ability of the method to address the issues with the

microphone-array misalignment problems when reconstructing structural ad-

mittances is presented. Finally, the robustness of the SEMM-based SONAH

formulation is demonstrated in the ambient environment by eliminating the200

external sound sources from the structural response of the system.

4.1. Experimental Setup

An experiment was carried out on a test aluminium structure with the ge-

ometry and dimensions shown in Fig. 3. Free boundary conditions were applied

using polyurethane foam blocks to support the plate facing the microphone

Figure 3: Test structure.

205

array. The structure was excited using a random noise signal with an electro-

dynamic shaker LDS V101 driven by a power amplifier. The excitation signal

was generated using a Brüel&Kjær 2032 signal generator in a frequency band
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between 5 Hz (high-pass filter) and 3400 Hz. The excitation force was mea-

sured using a Dytran 1022V sensor. As the proposed methodology is also tested210

against external sources interfering with structural dynamics for its robustness,

real-case interference was introduced by adding an external speaker emitting a

sine wave at a frequency of 1800 Hz for the last experimental case (Fig. 4).

Microphone array

Shaker Data
acquisition

Speaker

Test 
structure

Force sensor

Figure 4: Experimental setup for the acquisition of experimental parent model using SONAH

measurement.

As the acoustic measurements are highly subjected to background noise, an

experimental (parent) model based on the SONAH methodology was measured215

in an anechoic chamber, as shown in Fig. 4. The microphone array, consisting

of 16 PCB 378B02 microphones, was positioned parallel to the top surface of

the structure at a distance of 12.5 mm. In order to improve spatial resolution of

the acoustic measurement, spatial interspersing was used, translating the array

in both directions and repeating measurements. A 20 s random noise signal was220

generated for excitation and stored in order to repeat equal excitation for each

array position. Measurements were phase matched using measured excitation

force. The acoustic response identified in 63 discrete points above the area of the

vibrating structure, with a spacing of 12.5 mm between the microphones, was

then selected from the full measured data set (of 1024 points). Ten measurement225
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blocks, each duration of 1 s, were selected for the individual measurement point

and and later used for FRF calculation and averaging. The frequency range of

interest lies between 200 Hz and 3200 Hz, which contains the first six natural

frequencies of the structure.

The second experimental model (overlay model) was acquired using the Poly-230

tec PDV-100 laser vibrometer. No changes were made with regards to the struc-

ture excitation and the boundary conditions. Responses were taken for selected

discrete points on the top surface of the structure only. The experimental setup

is shown in Fig. 5.

Test 
structure

Laser vibrometer

Figure 5: Experimental setup for the acquisition of experimental overlay model using laser

vibrometer.

4.2. Equivalent models235

The translational response of the plate in the z-direction was identified at

N = 63 discrete points along the top surface of the plate and it represents the

parent model.Since it is practically impossible and impractical to measure the

full response model, only one driving point was proposed for both the parent

and the overlay model. The response as the basis for the overlay model (laser240

measurement) was identified with three discrete points. Both models, together

15



with the driving point, are schematically presented in Fig. 6.

x

y

z
115 mm

12
,5

 m
m

90
 m

m

Boundary DoFs (b) Internal DoFs (i)

Reference pointParent model Overlay model Driving point

12,5 mm

Figure 6: Schematic representation of the response models together with the reference and

the driving point.

Parent and removed model are assembled accordingly to Eq. (15). With one

driving point proposed, all excitation(s) are limited to a single boundary DoF

(E = 1):

Ypar = Yrem =

Yib

Ybb


SONAH

∈ C63×1, where Yib ∈ C60×1 and Ybb ∈ C3×1.

(18)

Overlay model is assembled using Eq. (16) and consist of responses, taken in all

three boundary DoFs (n = 3), while the structure is excited in proposed driving

point (e = 1):

Yov =
[
Ybb

]
laser
∈ C3×1. (19)

Additional laser measurement was taken, but not considered in the overlay

model or SEMM method in general. This measurement is treated as a reference

for the further evaluation of the proposed hybrid approach. Measurement was245

taken at the internal DoF and as such provides a benchmark to assess the quality

of the hybrid model and decoupling step in SEMM.
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4.3. General evaluation of the proposed hybrid methodology

A comparison of the identified FRFs using the SONAH method and the

proposed hybrid methodology with the reference measurement at hybrid model’s250

internal DoF are shown in Fig. 7.
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Figure 7: FRFs comparison in the reference point; a) Magnitude graph, b) Phase graph.

( ) – SONAH, ( ) – SEMM-SONAH, ( ) – Reference measurement

Compared to the reference measurement, response identified using SONAH is

slightly less accurate in the high-frequency range, which is in agreement with the

observations presented in [38, 39]. The resonance peaks are well aligned in terms

of the frequency, but differ in the amplitude of the response. Anti-resonance255

regions are poorly identified, due to the minor imperfections in microphone
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array and structure positioning.

By closely comparing the results of the SEMM-based SONAH formulation

and the reference measurement, good agreement between the two is observed in

the entire frequency range. Although, anti-resonance regions impose a problem260

to the hybrid methodology since they are poorly identified using SONAH. Due

to the conflicting dynamics of the parent and the overlay model in these re-

gions, decoupling step in SEMM is compromised and the hybrid model does not

completely align with the reference. However, when compared to the SONAH

measurement, estimation of anti-resonance regions is improved. The more accu-265

rate prediction of the hybrid formulation can be clearly observed by magnifying

the resonance areas and plotting the FRFs on a linear scale (Fig. 7). At the

resonance regions, consistency of the hybrid model’s response amplitudes is im-

proved when compared to the reference.

The improved accuracy of the hybrid model can be seen even more clearly if270

the FRFs are plotted on a Nyquist plot in the region of the resonance frequencies

(Fig. 8). It can be concluded that the hybrid formulation proves to be more

consistent since, in addition to a more precise evaluation of the amplitude, a

more precise phase response can be observed.
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Figure 8: FRFs comparison in the reference point presented on a Nyquist plot around selected

natural frequencies; a) 1st natural frequency, b) 5th natural frequency.

( ) – SONAH, ( ) – SEMM-SONAH, ( ) – Reference measurement
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However, in order to objectively assess the correlation between the FRFs,

a more advanced criterion was proposed. The coherence criterion function [40]

considers the comparison across the entire frequency range, both in terms of am-

plitude and phase. The frequency-dependent criterion indicates the correlation

of the given FRF Y with a reference FRF Yref:

coh(fk) =

(
Y (fk) + Yref(fk)

)(
Y ∗(fk) + Y ∗

ref(fk)
)

2
(
Y ∗(fk)Y (fk) + Y ∗

ref(fk)Yref(fk)
) , (20)

where ∗ stands for a complex conjugate. The coherence criterion is evaluated

in the proximity of the resonant frequencies in the frequency range (fr – 20 Hz,

fr + 20 Hz). The values close to one indicate a strong correlation between the

compared FRFs. To obtain an overall correlation between the FRFs, an average

coherence over the considered frequency range is introduced:

coh =
1

K

K∑
k

coh(fk) . (21)

The mean coherence values coh of the SONAH formulations for all the natural275

frequencies are shown in Fig. 9. In the low-frequency range, high coherence

values are observed for both approaches. Here the hybrid model holds slightly

higher values than the SONAH method. In the higher frequency range, the

values of the coherence for the SONAH method decrease, while the FRFs of the

hybrid model retain high values.
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Figure 9: Comparison of the mean coherence value’s coh for both SONAH approaches.
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4.4. Analysis of the microphone array misalignment

The accuracy of the SONAH method is strongly influenced by the correct

positioning of the microphone array with respect to the test structure. The

microphone array misalignment during the SONAH measurement is reflected in

an incorrectly determined hologram distance zh. In order to simulate the micro-285

phone array misalignment, the measured hologram distance of zh = 12.5 mm was

deliberately set to an erroneous value of zh = 22 mm during the SONAH eval-

uation. The comparisons of the reference and FRF obtained using the SONAH

method are presented in Fig. 10.
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Figure 10: FRFs comparison at the reference point by considering an incorrect hologram

distance.

( ) – SONAH, ( ) – SEMM-SONAH, ( ) – Reference measurement

Since the hologram distance was not correctly identified, the SONAH mea-290

surement in general predicts the shape of the FRF with sufficient accuracy, but

the overall amplitudes are completely erroneous. With zh larger than the actual

offset, amplitudes of the SONAH based response strongly exceed the reference.

However, hybrid approach can successfully address the issue with a microphone

array misalignment. The hybrid formulation inherits the overall FRF shape295
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from the SONAH measurement, and since the SONAH measurement is decou-

pled from the hybrid model, retaining dynamic response from an accurate laser

measurement, the amplitudes in the entire frequency range correlate well with

the reference measurement. In addition, both SONAH approaches are evalu-

ated with a reference measurement using the coherence criterion (Fig. 11). It300

can be observed that a hybrid model results in far higher values compared to

the SONAH method. The mixed hybrid approach, therefore, introduces a high

degree of robustness into the SONAH formulation, as the precise positioning of

the microphone array is not required.
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Figure 11: Comparison of the mean coherence values by considering an incorrect hologram

distance.

4.5. The influence of external acoustic sources on the structural response of the305

system

In order to confirm the applicability and robustness of the proposed hy-

brid methodology, the entire experimental setup was positioned in the ambient

environment. An additional external acoustic source was introduced using a

simple loudspeaker tuned to a sine frequency of 1800 Hz. Using this experimen-310

tal setup the SONAH and hybrid evaluations were performed. When using the

SONAH methodology, the spurious peak due to the external acoustic source can

be clearly identified at a frequency of 1800 Hz (Fig. 12). However, when using

the proposed approach, this spurious acoustic source is effectively canceled out
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from the structural response of the system. This is shown more clearly from the315

Nyquist plot in the proximity of 1800 Hz (Fig. 13).
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Figure 12: FRFs comparison at the reference point with the presence of an external acoustic

source.
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Figure 13: FRFs comparison at the reference point presented on a Nyquist plot around 1800

Hz in the presence of an external acoustic source.
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Removal of this spurious dynamics originates from the definition of the re-

moved model. The latter, originating from the parent model, includes this

faulty dynamics. As the removed model is decoupled from the model resulting

from coupling parent and overlay models, any dynamic behavior that is not in-320
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volved in the overlay model is also decoupled from the hybrid model. Based on

this presentation it is clear that the SEMM-based SONAH formulation makes

it possible to eliminate the external tonal acoustic sources from the structural

response.

5. Conclusion325

In this work, dynamic substructuring techniques are introduced into the

SONAH method to improve the consistency and accuracy of the identified struc-

tural response. The formulation can be considered as a pure hybrid approach,

since structural admittances from different domain measurements (acoustic and

velocity) are coupled to develop the hybrid formulation. It has been demon-330

strated that the structural FRFs identified directly by the SONAH method are

subjected to imperfect measurement conditions, such as the presence of exter-

nal acoustic sources, reflective surfaces and inaccuracies in the position of the

microphone array. All of these disturbances can strongly influence the accuracy

of the predicted structural response using the SONAH method.335

The SEMM-based SONAH formulation enables a more accurate and consis-

tent identification of the structural response by integrating the SONAH method

with a precise, discrete laser measurement. The more consistent prediction of

the proposed formulation is clearly observable with regards to the amplitude

estimation in the resonance regions. It has also been shown that the hybrid for-340

mulation can effectively address the microphone-array misalignment problems

and can completely eliminate external acoustic sources from the structural re-

sponse of the system. The extension of NAH using SEMM aims to improve the

consistency of the identified structural response in the form of an admittance

matrix. The idea is applicable to all extensions and improvements to the NAH345

formulation, since it is based on the mixing of structural admittances.
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