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Abstract— This article presents a surrogate modeling approach
to predict the vibrational behavior during electric machine
design. The methodology used in identifying and implementing
the surrogate model allows a time-efficient integration of the
surrogate model in multiphysics geometric optimization of elec-
tric machines, especially in scenarios of drop-in replacement.
Based on the state-of-the-art review, the use of analytical or
numerical techniques alone considering motor frame and support
are not adequately accurate, time efficient, and flexible. The
proposed method uses the 3-D finite-element (FE) structural
simulations for identifying characteristic response profiles in the
surrogate model and does not use structural FE simulations
in the optimization loop. Experimental tests are performed on
a 6/10 switched reluctance machine to validate the 3-D FE
model used to identify the surrogate model. The rational fraction
polynomial (RFP) method is used to fit the vibration impulse
responses for a number of machines geometries defined by three
stator dimensions. The impulse response of any geometry can
be determined using linear interpolation of the RFP coefficients.
Using the radial forces determined from the FE electromagnetic
simulation, the deformation is determined using superposition.

Index Terms— Design optimization, electric machines,
finite-element analysis (FEA), transfer functions, vibration
measurement.

I. INTRODUCTION

IN ADDITION to the growing challenges of meeting the
power density and cost requirements for electric machines,

the vibroacoustic requirement has become an important issue
and gained a lot of interest in recent years. In electric machine
design, electromagnetically induced forces remain the main
source of vibrations and acoustic noise. Several researchers
have focused on the modeling and analysis of vibration and
acoustic noise issues in electric machines. Most models that
have investigated vibration and noise due to electromagnetic
sources have shared a similar approach, where electromagnetic
analysis was used to calculate the forces applied to the stator
teeth surfaces, which is discussed in detail in Section III.
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Following this, modal analysis is performed to determine
the natural frequencies and the modal shapes of the stator
structures. Resulting vibration levels of the motor can be
calculated by applying the electromagnetic forces to the tooth
surface, which can also be extended to evaluate the acoustic
noise by determining the sound pressure level at a given
distance of the motor.

The choice of modeling approach of the electric machine
vibroacoustic behavior is influenced by the machine structure
and type—radial or axial flux machines, prediction accuracy,
and computational resources. In addition, considering the
machine frame, housing, gearbox, and supports is important in
the choice of the modeling approach due to its influence on the
machine vibration levels. The 2-D analytical and 2-D and 3-D
finite-element (FE)-based numerical models were employed to
predict the vibration of electric machines.

This article proposes a time-efficient and high-fidelity vibra-
tion surrogate model that maintains the low computational cost
of the analytical models and preserves the accuracy of the
3-D numerical models. The novelty presented in this approach
is that the structural changes in the stator dimensions are
parameterized in the model, which enables adoption into the
geometric optimization. This feature is particularly useful in
the design of drop-in replacement motors to adhere to a very
specific set of volumetric and size constraints. In this process,
computationally intense 3-D finite-element analysis (FEA)
simulations are only used to identify the vibration surrogate
model and a minimal number of simulations are used for
the identification process. In order to achieve computational
efficiency, the number of identification simulations needs to
be significantly lower than the number of evaluated designs
in the optimization. The surrogate model is presented for the
vibration model, and the electromagnetic FEA is still per-
formed and not replaced by the surrogate model. In this article,
a state-of-the-art review is presented in Section II. Section III
explains the proposed modeling approach. The experimental
validation of the FE model used for the identification of the
model is presented in Section IV. Finally, the feasibility and
the performance of the feasibility of the proposed model are
discussed in Section V.

II. STATE-OF-THE-ART REVIEW

A. Overview of Vibration Models

Most approaches in the literature that analyze the structural
and vibroacoustic behavior of electric machines use 3-D
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numerical structural models accompanied by either 2-D or
3-D electromagnetic FEA models [1], [2]. In the analytical
modeling approaches for vibration, the stator and housing have
typically been simplified as a ring or thick cylindrical shell to
determine the surface deformation [3], [4]. In [5], an analytical
vibration model is developed to enable fast calculation, but
the effects of end caps on the structural intrinsic property
have been neglected, which may induce significant errors [6].
However, structural and acoustic behaviors, such as natural
frequencies of the motor, depend highly on its 3-D shape and
boundary conditions. In addition, axial flux motors cannot be
described with a 2-D model.

Another approach using empirical structural models was
presented in [7] using experimental data. These models were
considered in [8]–[10] to analyze and improve the vibration
characteristics of the machine by optimizing the electric
excitation. These methods are based on identifying a transfer
function to describe the relationship between the measured
acceleration and the FEA-determined electromagnetic forces.

Other researchers have tried to improve the computational
efficiency of the models by using the electromagnetic and
structural FEA simulations only for model identification. Field
reconstruction method (FRM) and FEA-identified impulse
responses were proposed to predict the electromagnetic vibra-
tions in electrical machines [11] and the acoustic noise and
torque pulsation in permanent magnet synchronous motor
(PMSM) with static eccentricity and partial demagnetiza-
tion [12]. A similar methodology was introduced in [13],
where the electromagnetic and transient structural FEA can
be bypassed using modal expansion and identifying impulse
responses. Similarly, the concept of vibration synthesis has
been presented, where the structural vibration responses are
determined for a generic set of force excitation using FEA
[14]. A numerically identified modal matrix was utilized to
perform an analytical calculation of electric machine vibration
in [15] toward developing computationally efficient structural
models.

B. Vibration Models in Design Optimization

Geometric optimization ideally requires a time-efficient
multiphysics model with a realistic computational requirement,
which can be related to the large number of evaluated designs
in the process. In addition, the accuracy of the model is
necessary to ensure that the actual performance of the
evaluated designs is close to the performance predicted by
the model. In [16] and [17], an analytical multiphysics model
was developed for a variable speed induction machine. Here,
the mechanical behavior of the stator stack was predicted using
a 2-D equivalent ring model, whose natural frequencies were
also computed analytically. The static deflection of the stator
can then be computed analytically for each sinusoidal wave.
Lumped models were implemented in [18], where a particle
swarm optimization (PSO) was performed on a multiphysics
model for a PMSM. Electromagnetic noise optimization was
also considered a wound-field synchronous machine (WFSM)
[19], where the authors developed high-fidelity 3-D FE models
for the optimization to ensure sufficient accuracy. As expected,
the computational cost of such models is high. Other research

efforts were focused on optimizing the vibration behavior of
the machine without developing structural models. In [20],
noise, vibration, and harshness (NVH) optimization was
performed for a synchronous reluctance machine (SynRM),
where the torque ripple was the target performance. This
was based on the fact that the torque ripple is the major
factor that affects NVH characteristics. Cao et al. [21] used
the 2-D FE electromagnetic model within the optimization,
which focused on the minimization of electromagnetic torque
ripple. Similarly, the structural model was not included in
the optimization presented in [22], which was only focused
on minimizing the radial forces. The structural analysis was
only performed for the optimized design.

These studies showed that in terms of computational time,
analytical techniques have a clear advantage over numerical
techniques. However, one could conclude that the use of
analytical or numerical techniques only does not lead to a
model with optimal combination of accuracy, time efficiency,
and flexibility.

As mentioned earlier, some approaches were aimed to
reduce the computational burden of 3-D FE structural sim-
ulations. However, these approaches were developed for an
electric machine with fixed stator geometry and dimensions.
In the case of geometric optimization, where the dimensions of
the stator are varied, the structural model should be identified
for each design candidate, which is based on the fact that the
vibration characteristics are dependent on the interaction of
electromagnetic excitation quantities and structural quantities
defined by the geometry and material. Since a large number
of designs are considered in the optimization process, using
the 3-D FE models in the optimization loop would increase
the computation time significantly.

This article presents a structural model for electric machines
that use a surrogate approach. The model identification process
will allow maintaining the accuracy of the 3-D FE models
with lower computation time, which will enable time-efficient
geometric optimization. The vibration model is coupled with a
2-D FE electromagnetic model to determine the forces applied
to the stator.

III. PROPOSED SURROGATE MODELING APPROACH

A. Overview

Conventional approaches for predicting vibration in electric
machines consists of three stages, as shown in Fig. 1. First,
the electrical excitation of the machine is determined from a
circuit or a control model of the machine. Second, the electro-
magnetic analysis is performed to compute the radial and tan-
gential components of the magnetic flux density, from which
the tangential and radial components of the electromagnetic
force densities acting on the stator teeth using the Maxwell
stress tensor are computed as in the following:

ft = 1

μo
Bn Bt (1)

fn = 1

2μo

(
B2

n − B2
t

)
(2)

where Bt and Bn are the tangential and normal components of
the magnetic flux density, respectively, and μo is the magnetic
permeability of air.
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Fig. 1. Multiphysics models interconnection for vibration prediction.

Finally, the structural FEA is performed with the computed
electromagnetic forces as inputs. Mode superposition method
is used to perform the structural analysis, which requires
modal analysis to determine natural frequencies and the cor-
responding mode shapes of the stator structure. Toward this
goal, free vibration equation of a linear undamped system is
considered [23] (

[K ] − ω2
i [M]

){∅i } = {0} (3)

where ωi and {∅}i are the i th natural angular frequency and
mode shape of the structure, respectively, and [K ] and [M]
are the stiffness and mass matrices, respectively.

The mode superposition method solves the harmonic equa-
tion in modal coordinates for a force acting on a viscous
damped spring–mass system

[M]{a} + [C]{v} + [K ]{x} = {F} (4)

where [C] is the damping matrix, {a}, {v}, and {x} are the
acceleration, velocity, and displacement vectors, respectively,
and {F} is the applied force vector.

For a linear system, the displacement {x} can be expressed
as a linear combination of mode shapes {∅i}

{x} =
n∑

i=1

yi{∅i } (5)

where yi are the modal coordinates for (5).
Accordingly, the impulse response of displacement at a

single point of measurement can be determined for a unitary
concentrated force applied to one stator tooth. In a linear
system, the total displacement is the sum of the impulse
responses caused by each force. Furthermore, the magnitude of
the impulse response is proportional to the magnitude of force.
Therefore, if the unitary impulse responses for each stator
tooth are identified, the total deformation at the measurement
point can be reconstructed for the impulse response and
radial force spectra using the superposition principle, shown
in Fig. 2, which implies additivity and scalability.

In the case of geometric optimization, radial forces and
impulse responses spectra vary when the stator and rotor
dimensions are changed in the optimization loop. Since
FE electromagnetic analysis is already performed for every
design, radial forces can be calculated for any machine geom-
etry. For structural impulse response, the proposed vibration
surrogate model is utilized to estimate the impulse responses.

Fig. 2. Vibration reconstruction from individual impulse responses.

Fig. 3. Determining the deformation using the surrogate model for given
machine dimensions.

In order to identify the model, impulse responses should be
expressed as a function of stator dimensions. This requires the
use of a suitable mathematical representation to fit the impulse
responses acquired using the 3-D structural FEA for a number
of geometries prior to the optimization. Afterward, the coef-
ficients within the chosen frequency response function (FRF)
representation can be interpolated for any geometry within the
range of identified dimensions.

The proposed model is identified for a machine with a fixed
envelope volume (fixed outer diameter and axial length), which
is a reasonable assumption at the design stage, especially when
the design process is started with a motor sizing procedure.

The effect of the rotor structure on the vibration levels
of the machine is considered in the electromagnetic model,
where the radial forces are determined. However, since the
vibration measurements are performed on the stator structure,
the rotor dimensions are not considered in the surrogate
model. Fig. 3 shows how the machine design parameters and
dimensions are considered for determining deformation using
the surrogate model.

B. Mathematical Representation of the Impulse Response

Ideally, a simple and accurate representation for the impulse
FRF magnitude and phase angle is desired, which enables
estimation of the variations in the vibration characteristics
as geometry changes. Coefficients of the mathematical form
should reflect the change in the vibration characteristic as the
geometry changes. Furthermore, since the main purpose of
introducing the surrogate model is to reduce the computational
burden, a systematic and time-efficient approach is needed for
the model identification prior to the optimization.

Several methods have been considered in the literature to
fit the FRF, mainly to extract the modal parameters such as
the natural frequencies and damping ratios from experimental
results. The Gaukroger–Skingle–Heron method is based on
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fitting the FRF of system with N degrees of freedom using
the least-square fit, as shown in the following:

H (ω) = a0 +
(

N∑
r=1

Ar + iωBr

ω2
r − ω2 + i2ζrωrω

)
eiϕ (6)

where a0 is a complex constant and ϕ is the angle representing
the out-of-range modes.

This method can provide good estimates; however,
the process can be slower when compared to other methods.

For slightly damped structures, the Ewins–Gleeson method
can be used for fitting the FRF, as shown in the following:

H (ω) =
N∑

r=1

Ar

ω2
r − ω2 + iηrω2

r

. (7)

Due to the assumption of slightly damped system,
the numerator coefficient is a real quantity. This representation
works well with slightly damped structures; however, it is
sensitive to the selection of the FRF points [24].

The rational fraction polynomial (RFP) method is widely
used in the estimation of the modal parameters, and it can
provide accurate estimates for the damping ratios [25]. The
flexibility provided by the RFP method can allow a systematic
identification of FRF, which can be implemented directly in
MATLAB using transfer function identification and partial
fraction decomposition functions. Therefore, the RFP repre-
sentation is used in this article. The mathematical form is as
the following:

H (ω) = x(ω)

F(ω)
=

N∑
r=1

(
Ar

iω − λr
+ A∗

r

iω − λ∗
r

)
(8)

λr = σr + iωr . (9)

C. Identification Procedure

In this work, the model considers three main stator dimen-
sions, stator yoke thickness (YT ), tooth width (TW ), and
tooth depth (TD), as shown in Fig. 4. The chosen three
dimensions are considered the main dimensions to describe the
geometry of the SRM stator. The 3-D FE structural analysis is
performed in ANSYS for a number of geometries defined by
different values of the three dimensions. For each geometry
(combination of the three dimensions), the impulse response
at the measurement point is determined by applying a unit
force to a single stator tooth, as shown in Fig. 5, which shows
the set of 3-D FE simulations for model identification.

The range of each dimension should be chosen to cover
all possible dimensions dictated by the geometric template
and the optimization algorithm. The number of steps in each
dimension can be adjusted based on the sensitivity analysis
of vibration characteristics to the variation in dimensions.
In this case, the dimensions range and steps are summarized
in Table I.

The resulting FRFs are fitted using the RFP method
described in Section III-B, and the modal parameters are
extracted, as shown in Fig. 6. This step is repeated for all
stator teeth. The number of RFP terms N can be set to adapt

Fig. 4. Stator dimensions considered in the surrogate model.

Fig. 5. 3-D FE simulation set for model identification.

TABLE I

CONSIDERED STATOR DIMENSIONS

to the frequency range of the FRF, which is usually chosen
based on the speed range of the machine and the number of
vibration modes of interest.

D. Model Implementation

When the identified model is implemented in the optimiza-
tion loop, the unitary impulse responses of any geometry
within the identified range can be determined using linear
interpolation of the coefficients in (8), as shown in Fig. 7.
If more parameters are considered in the approach, a multivari-
ate interpolation method, such as inverse distance weighting
or kriging, can be used. Extrapolation of values outside the
identified range cannot guarantee the accuracy of response
estimation.

The deformation response can then be reconstructed from
the radial force spectrum determined using the FE electro-
magnetic analysis and identified impulse responses from the
surrogate model, as shown in Figs. 8 and 9.
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Fig. 6. Unitary FRF fitting using RFP. Top: magnitude. Bottom: phase.

Fig. 7. Prediction of unitary impulse responses for different stator dimen-
sions.

Fig. 8. Determining the radial forces using the electromagnetic model.

IV. EXPERIMENTAL VALIDATION OF FE MODEL

Since the proposed surrogate model is identified using the
3-D FE structural model developed in ANSYS, experimental

Fig. 9. Procedure of vibration prediction using the electromagnetic model,
surrogate model, and superposition method.

Fig. 10. Experimental setup for FE model validation.

TABLE II

MOTOR SPECIFICATIONS

validation is performed on the ANSYS model to confirm that
the model settings, similar to contact regions, supports, and
mesh size, are set properly. This will ensure that the identified
modal quantities agree with the actual measurements.

Fig. 10 shows the experimental setup for validation. The
target machine is a three-phase switched reluctance motor with
a higher number of rotor poles, 6/10 pole configuration [26],
[27], where the stator core is encased in a cast-iron frame.
The machine dimensions and parameters are shown in Table II.
The experimental validation was carried with a hammer impact
test with LMS TestLab for postprocessing. Two accelerometers
(PCB Piezotronics 353B15) were roved across 21 locations
over the frame and the FRFs were acquired.

As shown in Table III and Fig. 11, a good match was
obtained between the results of the experimental setup and
the FEA model in ANSYS, and the results include the natural
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Fig. 11. Experimental validation of mode shapes obtained from FEA.

TABLE III

COMPARISON OF NATURAL FREQUENCIES DETERMINED USING FEA AND

THE EXPERIMENTAL SETUP

frequencies and mode shapes of the considered machine with
the housing.

V. PROPOSED MODEL VALIDATION AND FEASIBILITY

A. Model Validation Results

The developed model accuracy was validated by comparing
the frequency response predicted by the proposed surro-
gate model with the actual frequency responses for random
geometries and forces magnitudes applied to all stator teeth.
The actual frequency responses for different geometries are
obtained using ANSYS. This comparison resembles the imple-
mentation of the model in a geometric optimization, where
different geometries are evaluated, and different magnitudes
of forces are computed from the coupled electromagnetic
model. As shown in Fig. 12, frequency response estimated
by the surrogate model for random geometries with different
forces applied to stator teeth, shown in Table IV, provides
good approximation compared with the actual values. The
computation time needed for the surrogate model is ∼1 s,
where in the case of 3-D FEA model, ∼8 min were needed
to finish the structural simulation.

B. Computational Feasibility Analysis

The main purpose of introducing the surrogate model is to
mitigate the computational burden of structural FE analysis in
the geometric optimization loop with minimal loss of accuracy.
In the implementation of the proposed model, the highest
amount of computation time is taken up by the identification
process. Once the surrogate model is identified, the run time

Fig. 12. Surrogate model validation results for three arbitrarily chosen
combinations of geometry and forces. (a) Case 1. (b) Case 2. (c) Case 3.

of the surrogate model is very low and can be neglected.
As explained earlier, the total number of simulations required
to identify the model (NTi) depends on the number of stator
teeth (NT ) and the number of simulations at each tooth (Ni ),
as shown in the following equation:

NT i = NT Ni . (10)

Ni depends on the number of design parameters ( p) and
the number of steps in each design parameters (sk). For the
proposed model, Ni can be expressed as follows:

Ni =
p∏

k=1

sk . (11)
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Fig. 13. Computation time reduction factor (kctr) for different numbers of
stator teeth and designs considered in the geometric optimizations.

TABLE IV

DIMENSIONS AND MAGNITUDES OF FORCES USED

IN MODEL VALIDATION

Based on this information, the model is considered compu-
tationally feasible if the number of simulations used to identify
the model is fewer than the number of designs evaluated in
the geometric optimization No .

To evaluate the computational feasibility of the surrogate
model, a figure of merit (kctr) defined in (12) is used to
describe the reduction in the computation time

kctr = NT Ni

No
. (12)

Accordingly, the proposed model is considered to offer a
reduction in computation time, if kctr is less than 1. Fig. 13
shows the computational feasibility described by kctr for
different values of NT and No. Ni was set at the same value
75, used in the identification process of the target machine.
The portions of the surface shown in green and red represent
kctr < 1 and kctr ≥ 1, respectively.

Furthermore, for the considered machine 6/10 SRM, the
surrogate model offered a reduction in computation time for a
wide range of No. For example, if 5000 designs are considered
in the optimization, the computation time can be reduced
by almost 90%. This allowed inclusion of the structural
model within a multiphysics geometric optimization, without
being restricted by the number of designs evaluated in the
optimization process.

VI. CONCLUSION

This work presents a surrogate approach for predicting
vibration frequency responses of electric machines with differ-
ent stator geometries. This approach can be used to implement
a vibration model within a geometric optimization loop, where
a large number of designs need to be evaluated.

The presented model considers typical constraints imposed
by the motor housing and fixed structure support, where the
identification method is based on expressing the FRF of a few
geometries in RFP form.

The model used to identify the surrogate model was val-
idated with ANSYS for a 6/10 SRM switched reluctance
machine. It was demonstrated that the model can provide good
accuracy and significant reduction in computational time. This
method can serve as an effective approach toward developing
drop-in replacements for motors in the existing applications.
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