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In this contribution, investigations on model order reduction for coupled systems composed from components of a passenger
car are shown. In today’s development processes, the simulation of mechanical components is indispensable and large Finite
Element models are often used for this purpose. For the calculation of time-domain or frequency-domain analyses, for
example, a lot of computing power is required. However, with the application of model order reduction methods, this effort
can be reduced, but this results in a trade-off between the reduction error and the computational time. Since the computation
of reduction bases for complete systems can be computationally expensive, it is of interest to be able to reduce components
individually and then assemble them into a reduced overall model. This can result in both, a saving of computational effort
when creating the bases, as well as a saving of the required memory space. Furthermore, there are many possible combinations
of components in the modular systems of today’s automotive industry, which emphasizes the model order reduction by parts
and not by assemblies. In this work, methods of model order reduction for coupled systems are presented and will be tested
on components in the chassis of a sports car. Therefore, an assembly consisting of a brake disc and wheel rim together with
the wheel hub are investigated. For this purpose, the eigenmodes and transfer functions of the overall model, the reduced
overall model and the assembly built from individual reduced bodies are compared.
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1 Introduction

The phenomenon of brake squeal has been subject to research and development for several decades and is extremely complex,
so it continues to be studied. An overview of brake squeal and the methods used to investigate and predict it can be found in [1].
Today, more and more expensive bench testing is being replaced by computer simulation to identify system characteristics
during the development. In the field of brake squeal analysis, both frequency domain and time domain analyses need to
be used. In the frequency domain analysis, the complex eigenvalue analysis has been established. In the time domain, the
simulation as a flexible multibody system has proven useful, see [2]. However, regardless of the type of simulation, model
order reduction (MOR) has become increasingly important, because the description of brakes as Finite Element models results
in very detailed and large models. With the help of MOR, large models can be reduced to smaller models, which can still
contain enough information to describe the system behavior sufficiently well. However, the quality is strongly dependent on
the used method and the reduction size. An overview of linear MOR methods in the field of elastic bodies can be found in [3]
and [4]. To meet the trend of modular designed technical products and to exploit these properties, special reduction methods
for coupled structures have been designed, see [5]. These methods are also particularly well suited to meet the configuration
variety in the automotive industry and to create efficient simulation models. In this work, new methods of MOR such as the
CMS-GRAM method, which was developed specifically for coupled structures, will be investigated using an assembly of a
brake rotor, a rim and a wheel hub. In the first section, MOR for coupled systems is discussed. In the following section, the
investigated model is described in more detail. In the last section, corresponding simulation results are presented.

2 Model order reduction for substructured systems

First, the fundamental equations for the description of elastic bodies are explained and subsequently the method of model
order reduction by projection is introduced. Based on this, the equations for the coupling of reduced bodies are introduced. In
this contribution, we focus on the coupling with algebraic bindings.

By describing an elastic body with the linear Finite Element method, we obtain the discretized equation of motion for one
body

Mq̈(t) +Dq̇(t) +Kq(t) = f(t), (1)

with the mass matrix M ∈ RN×N , the damping matrix D ∈ RN×N , the stiffness matrix K ∈ RN×N and the force vector
f ∈ RN . Using model order reduction, a structurally identical equation of motion is sought which has a significantly smaller
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dimension n ≪ N . This is achieved by a Galerkin projection with a projection matrix V . The vector of the generalized
reduced coordinates is then defined as

q(t) ≈ V q̃(t). (2)

Substituting the relation for the generalized, reduced coordinates into Equation (1) and multiplying the equation of motion by
V ⊺ from left due to the Petrov-Galerkin projection, yields to

V ⊺MV q̈(t) + V ⊺DV q̇(t) + V ⊺KV q(t) = V ⊺f(t). (3)

This corresponds to the equation of motion of the reduced model of one elastic body

M̃ ¨̃q(t) + D̃ ˙̃q(t) + K̃q̃(t) = f̃(t). (4)

2.1 Coupling of reduced systems with algebraic bindings

Since the focus of this contribution is on the application of reduction methods for substructured systems, the underlying
equations for coupling reduced systems based on algebraic bindings are explained. For a detailed description, the reader is
referred to [5]. There, both the coupling methods and the reduction methods are described in detail.

Each single reduced subsystem k with dimension nk is subjected to constraint forces due to the couplings and thus the
equation of motion of a single reduced subsystem is given by

M̃k
¨̃qk(t) + D̃k

˙̃qk(t) + K̃kq̃k(t) = f̃k(t) + f̃k(t) (5a)

with M̃k = V ⊺
kMkV k, D̃k = V ⊺

kDkV k, K̃k = V ⊺
kKkV k, (5b)

f̃k(t) = V ⊺
kfk(t), f̃k(t) = V ⊺

kfk(t). (5c)

Hereby fk(t) ∈ RNk is the vector of the constraint forces of the unreduced subsystem k. It results for the coupled system of
reduced systems the dimension n =

∑K
k=1 nk. Therefore, the equation of motion has the form

M̃ ¨̃q(t) + D̃ ˙̃q(t) + K̃q̃(t) = f̃(t) + f̃(t) (6a)

with M̃ = diag(M̃1, ...,M̃K), (6b)

D̃ = diag(D̃1, ..., D̃K), (6c)

K̃ = diag(K̃1, ..., K̃K), (6d)

q̃(t) =



q̃1(t)

...
q̃K(t)


 , f̃(t) =



f̃1(t)

...
f̃K(t)


 , f̃(t) =



f̃1(t)

...
f̃K(t)


 . (6e)

Since in our case the constraint forces are not of special interest, it is useful to represent the system in minimal coordinates
q̃m. The minimum coordinates of the system represent the feasible deformations under compliance with p constraints. The
compatibility condition, which states that the respective positions at the coupling points coincide at all times, is expressed by
the algebraic binding equations,using the generalized reduced coordinates q̃(t)

J̃ q̃(t) = 0 with J̃ = JV V = diag(V 1, ...,V K). (7)

Here J̃ ∈ Rp×n is the Jacobian matrix of the bindings and must have full row rank to satisfy the constraints with the set of
reduced coordinates. To find a appropriate set of minimal coordinates q̃m, which is valid for

q̃(t) = L̃q̃m(t), q̃ : J̃ q̃(t) = J̃L̃q̃m(t) = 0 ∀q̃m(t), q̃m ∈ Rn−p, (8)

a matrix L̃ ∈ Rn×n−p is needed. This matrix has typically the form of a Boolean matrix and can be determined with a
QR-decomposition. With this matrix, the equation of motion in generalized, reduced coordinates in Equation (6a) can be
transformed to minimal form with n− p degrees of freedom (DOFs) as

M̃m
¨̃qm(t) + D̃m

˙̃qm(t) + K̃mq̃m(t) = f̃m(t). (9)
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2.2 CMS-GRAM

The new method CMS-Gram, which was introduced for the first time in [5], is a new reduction method for substructured
systems. It connects the advantages of interpolation-based methods and balanced truncation. Thus, the size of the reduced
substructure is not necessarily a multiple of the expansion points of the moment matching methods, whose choice is a nontrivial
problem [4]. In this method, similar to the Guyan condensation [6], the degrees of freedom are divided and sorted into internal
DOFs (subscript i) and boundary DOFs (subscript b). The input and output matrices and the matrix of constraints are also
split accordingly. This results in the following equation for a single substructure

[
Mbb Mbi

M ib M ii

] [
q̈b

q̈i

]
+

[
Kbb Kbi

K ib K ii

] [
q̇b

q̇i

]
=

[
J⊺

b Bb

0 Bi

] [
u
u

]
, (10a)

y =
[
Cb Cb

] [Cb

Ci

]
. (10b)

Then a coordinate transformation is performed with the transformed internal coordinates q̂i and with the relation

V T =

[
I 0
Ψi I

]
∈ RN×N ,

[
qb

qi

]
= V T

[
qb

q̂i

]
, (11)

where Ψi is determined by a static condensation. If the transformation is applied to Equation (10) it follows
[
M̂bb Mbi +Ψ⊺

i M ii

M̂ ib +M iiΨi M ii

] [
q̈b
¨̂qi

]
+

[
K̂bb Kbi +Ψ⊺

i K ii

K̂ ib +K iiΨi K ii

] [
qb

q̂i

]
=

[
J⊺

b B̂b

0 Bi

] [
u
u

]
, (12a)

y =
[
Ĉb C i

] [qb
q̂i

]
(12b)

with

M̂bb = Mbb +MbiΨi +Ψ⊺
i M ib +Ψ⊺

i M iiΨi, (13a)

K̂bb = Kbb +KbiΨi +Ψ⊺
i K ib +Ψ⊺

i K iiΨi, (13b)

B̂b = Bb +Ψ⊺
i Bi, (13c)

Ĉb = Cb +Ψ⊺
i C i. (13d)

A linear reduction method, the balanced truncation, see [3], is now applied to the internal dynamics, which are described by

M ii
¨̂q +K ii

˙̂q =
[
Bi − (M ib +M iiΨi)

] [u
q̈b

]
(14)

and then the projection matrix V i is determined. In combination with the static modes the projection matrix

VCMSG =

[
I 0
Ψi V i

]
(15)

for one substructure is obtained.

3 Numerical Model

In the following we use a Finite Element model of a brake rotor, a rim and a wheel hub. The assembly is shown in Figure 1a.
For the parts different material properties are used, which can be seen in Table 1. Furthermore, the assembly, which consists
of the three parts, has about 1.21 · 106 DOFs. Normally, the three parts are screwed together with five wheel bolts and the
wheel bolts are screwed into the threads in the wheel hub, but in our numerical model the screws are not modeled as a part.
Instead of this we use algebraic bindings for assembling the parts. For this purpose, for each part five guiding nodes are
defined, respectively one for each bore. The guiding nodes are shown in Figure 1b. The guiding node of one part is located
in the center of the bore. Furthermore, one can see the connections from the guiding node to the dependent nodes as a purple
line. The guiding node has the property that it leads the movement of the dependent nodes. To assemble the parts, algebraic
bindings are defined between the guiding nodes of each bore. Consequently, we have five bindings here, which connect a
part with the adjacent part. Furthermore, it is mentioned, that in this contribution a free fixation of the assembly is used for
the numerical investigations. This has the advantage that the results can be easily compared with those of Laser Doppler
Vibrometry.
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Table 1: Material and mesh properties of the investigated model

rim brake rotor wheel hub

density
aluminum: 2700 kg/m3 aluminum: 2700 kg/m3 steel: 7850 kg/m3

steel: 7850 kg/m3

cast iron: 7250 kg/m3

Young modulus
aluminum: 70000 MPa aluminum: 70000 MPa steel: 210000 Mpa

steel: 210000 MPa
cast iron: 86000 MPa

(a) Iso-view of the discretized assembly, consisting of the rim (green),
a brake rotor (mint) and a wheel hub (yellow).

(b) Sectional view of the assembly with enlarged section on the multi point
constraints, which consist of the guiding node in the center and the dependent
nodes located at the outside of the bore.

4 Simulation Results

In the following section, simulation results are presented and discussed. For the comparison of the methods, two different tests
were performed. First, the modal assurance criterion (MAC) was calculated, which is very suitable for comparing eigenmodes
with each other, see [7]. Also, the transfer functions of the full and the reduced models were calculated. In order to be able
to compare the transfer functions, it is useful to consider the Frobenius norm of the transfer functions, see [8]. Thus, the
Frobenius norm of the transfer functions and its error are calculated in the following.

In Figure 2 the transfer functions of the full model and different reduced overall models are shown. As a typical case
we have chosen the modal truncation with the first 1000 eigenmodes. In comparison to the moment matching method the
number of modes is higher in order to cover the whole frequency range. In the low frequency range until approximately
300 Hz a divergence between the modal reduced model and the full model is visible, but at higher frequencies the divergence
is getting lower. In comparison to the modal reduced model also a moment matching method witch Krylov subspaces is used.
In Figure 2 two graphs are shown. One reduced system is of the size 50 and the other one of the size 200. It is cognizable
that with only 200 modes the transmission behaviour of the full system is matched very well. The corresponding error of the
transfer function is shown in Figure 4. In Figure 2 the Kry 200 graph lies exactly on the black one for the full model. Now,
Figure 3 additionally shows the transfer functions of the CMS Gram reduced models in rose for Gram 200, and purple for
Gram 400. In this case it should be mentioned that, for the reduction 200 and respectively 400 modes for the reduction of each
part is used. Thus, the total system size of 600 and 1200 modes respectively, is comparable to the used modal truncation. It is
noticeable that the transfer behavior is not approximated as well as with the methods already shown. It is also understandable
that the result quality tends to be worse with the CMS Gram method, since the errors caused by the individual reductions of
the components and the subsequent assembly also add up. Generally speaking the amplification is mapped higher in the whole
frequency range. However, the peaks at the natural frequencies are still represented very well. As already mentioned, the
eigenmodes were compared in addition to the transmission behavior. For this purpose, the MAC of the first 20 eigenmodes
was calculated. The results are shown in Figure 5a and Figure 5b. In both figures only one main diagonal is visible, which
means that with both methods the eigenmodes are approximated very well.
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Fig. 2: Transfer functions of the full model and different reduced overall models

Fig. 3: Comparison of the transfer function of different reduced models

5 Conclusion

In this work, different reduction methods were applied on a coupled system. The system consists of three components, which
are assembled with algebraic bindings. This kind of coupling allows to model a rigid bond of the components. In addition
to the classical established reduction methods applied to the assembly, a new reduction method for substructured systems,
presented in [5], was also applied. This method allows the parts to be reduced before assembly and so to work with reduced
models during the assembly generation which in turn saves computation time and memory. To evaluate the model quality, both
the transmission behavior and the MAC were calculated. It could be shown that a very good approximation of the eigenvectors
can be represented with the classical reduction methods for the overall system as well as with the CMS-Gram method. In the
transmission behavior, however, smaller errors were achieved with the modal truncation and the moment matching method.
Beside the CMS-Gram method there are more reduction methods for substructured systems, e.g. the Craig-Bampton method,
see [9], or the block-Krylov method. Thus, a comparison of these methods is suggested.

www.gamm-proceedings.com © 2023 The Authors. Proceedings in Applied Mathematics & Mechanics published by Wiley-VCH GmbH.



6 of 6 Section 4: Structural mechanics

Fig. 4: Error of the transfer functions of different reduced models

(a) MAC values of the Krylov reduced system (b) MAC values of the CMS-Gram reduced system

Fig. 5: MAC values of the first 20 eigenmodes of different reduction methods
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