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Abstract—The approach presented in this paper consists of an
energy-based field–circuit coupling in combination with multi-
physics simulation of the acoustic radiation of electrical machines.
The proposed method is applied to a special switched reluctance
motor with asymmetric pole geometry to improve the start-up
torque. The pole shape has been optimized, subject to low torque
ripple, in a previous study. The proposed approach here is used
to analyze the impact of the optimization on the overall acoustic
behavior. The field–circuit coupling is based on a temporary
lumped-parameter model of the magnetic part incorporated into
a circuit simulation based on the modified nodal analysis. The
harmonic force excitation is calculated by means of stress tensor
computation, and it is transformed to a mechanical mesh by
mapping techniques. The structural dynamic problem is solved
in the frequency domain using a finite-element modal analysis
and superposition. The radiation characteristic is obtained from
boundary element acoustic simulation. Simulation results of both
rotor types are compared, and measurements of the drive are
presented.

Index Terms—Acoustic noise of electrical machines, field–
circuit coupling numerical simulation, finite-element method
(FEM), switched reluctance motor (SRM).

I. INTRODUCTION

THE SWITCHED reluctance motor (SRM) considered in
this paper presents an asymmetric pole geometry in the

rotor with the purpose of improving the starting unidirectional
torque in any rotor position. Despite the advantages achieved
by such a design, the SRM presents an intrinsic nonnegligible
torque ripple and force-density excitations, which are very
troublesome because they produce vibration and audible noise.
In a previous work, the torque ripple has been minimized while
avoiding the degradations of the starting and mean torques.
That has been accomplished by a multiobjective optimization
technique coupled to finite-element (FE) analysis [1].
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In this study, the focus is set on the acoustic behavior of
this SRM. In order to fully analyze the SRM acoustic behavior,
this paper proposes an integrated approach using a multiphysics
simulation, including field-circuit coupling as well as structure
dynamics and the simulation of the acoustic radiation. As
oppose to [2], the field-circuit simulation is implemented in
a flexible way, including the drive circuitry and the analog
control. A quantitative analysis of both the initial design and the
optimized design is performed on all levels of the generation
of audible noise: Simulated currents, force excitation spectra,
body sound, and airborne sound are compared. It is shown in
which way such an approach can help to analyze the influence
of the rotor shape on the audible noise radiated from such
an SRM.

The accurate simulation of the parasitic effects is strongly
coupled to the exciting current waveforms. The numeric field-
circuit coupled simulation, although expensive in terms of
computation time, provides more accurate results compared
to analytical approaches, e.g., magnetic equivalent circuits
[3] or 3-D Fourier series expansion of the air-gap field [4].
The different numeric field-circuit coupled approaches can be
distinguished by their numeric type of coupling. Numerical
strongly coupled approaches combine the differential equations
of both the field domain and the circuit domain in a single equa-
tion system [5], while numerical weakly coupled approaches
assemble the equations for each domain separately and solve
them independently [6], [7]. Since the time constants of the
field and circuit domains differ by orders of magnitude, i.e.,
the short-circuit time of the electrical machine (≈ms) versus
the switching time of the semiconductors (� μs), the strongly
coupled approach has the disadvantage of unnecessarily solving
the unknowns of the field domain around the nonlinear switch-
ing points of the circuitry. For the number of unknowns of the
field domain of the SRM exceeding the number of unknowns
of the circuit domain by orders of magnitude too, a numerical
weakly coupled approach is being applied.

Classical analytical approaches for noise analysis in elec-
trical machines rely on the identification of space and time
harmonics in the air-gap field that generate radial magnetic
force waves [8], [9]. The vibration response of the mechanical
structure and the radiation characteristic can also be estimated
using simple analytical formulas [8], which is, for example,
used for optimization purposes [10].

Numerical simulations, e.g., the FE method (FEM), are able
to capture finer details in the model and allow an accurate
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Fig. 1. Electromagnetic mesh: (left) reference design and (right) optimized
design.

determination of air-gap field and magnetic force magnitudes,
deformation, and radiation [9], [11], [12]. Under the standard
linear assumption, the vibroacoustic problem is most com-
monly solved in the frequency domain either by modal analysis
and superposition or by immediate harmonic analysis. The
first method is applied in this paper. The radiation problem is
approached using boundary element techniques.

This paper is outlined as follows: First, the SRM under analy-
sis and the previous work on its optimization is reviewed briefly.
Second, the combination of field–circuit coupling on the one
hand and the multiphysics simulation (magnetic field, magnetic
forces, mechanical deformation, and acoustic radiation) on the
other hand is explained.

Afterward, numerical and experimental results are given
and discussed. This paper is finalized by a summary and a
conclusion.

II. ACOUSTIC ANALYSIS OF SRM

A. Special SRM Design

In small-power drives, which are used in hand tools and light
domestic appliances, traditional fractional horsepower motors
are employed such as shaded-pole and universal types. These
motors, in spite of their reliability and low cost, have several
drawbacks, such as poor efficiency, low torque capability, and
commutator and brush wear with high electromagnetic interfer-
ence as in the universal type.

The SRM emerges as a solution that combines high reli-
ability, good torque characteristics, high efficiency, and low
cost [13]. In particular, for unidirectional drives, the proposed
4:2-pole two-phase SRM is the simplest electromagnetic struc-
ture available for such a motor. In order to ensure the starting
torque at any rotor position, the rotor poles were designed with
an asymmetrical geometry which provides a variable air gap as
shown in Fig. 1 [14].

Nevertheless, the salient poles also produce torque ripple
and cause vibration and acoustic noise. Thus, the challenge is
to minimize such unwanted characteristics while keeping the
starting and mean torques in the acceptable range. Many papers
deal with this subject, e.g., [15] and [16].

B. Field–Circuit Approach

The field-circuit coupling is based on a temporary lumped-
parameter model [17], seen from the terminals of the studied

SRM, being incorporated into the circuit simulator, which is
based on the modified nodal analysis. The nonlinear equation
systems are solved by the Newton–Raphson method. If the state
variable of the lumped-parameter model of the SRM is the
current [18], the zeroth-order accurate expansion of the voltage
drop of a single phase of the SRM is given by

νl,1 − νl,2 = ∂tϕ (i(t),Θ(t))
=L∂

lsδIl + (∂Θϕl)δΘ. (1)

Herein, the first term represents the current-induced voltages,
and the second term accounts for the motion-induced voltage.
νl,1 − νl,2 represents the terminal voltage of phase l, and L∂

ls is
the tangent inductance matrix. The phase currents are denoted
Il, the fluxes ϕl, and the rotation angle Θ; the linearized state
variables are δIl and δΘ.

Whenever the energy of the SRM changes considerably, a
new set of lumped parameters must be extracted from the FE
model. This happens on a regular basis as the FE mesh needs to
be modified, accounting for the rotation. The extraction is based
on the balance of energy of the electrical machine, as presented
in [19].

Let

Mij(a) aj =
∫

Ω

j · αi =
∑

l

IlWil (2)

be the nonlinear FE equations describing the SRM under phase
currents. Herein, Mij and aj are the system matrix entries and
the magnetic vector potentials of the discretized domain Ω, j is
the current density, αi are the shape functions of the Galerkin
scheme, and Wil can be regarded as the current shape functions
of phase l.

Now, let I∗l be the currents at time t and b∗i = I∗l Wil the
corresponding right-hand sides. Solving (2) with bI ≡ b∗i and
a fixed rotor angular position δΘ = 0 gives a∗

j , and a first-order
linearization around this particular solution writes

Mij

(
a∗

j + δaj

)
= Mij

(
a∗

j

)
a∗

j + Jij

(
a∗

j

)
δaj = b∗i + δbi

(3)

with the Jacobian matrix Jij ≡ (∂aj
Mik(a∗

j))a
∗
k. Since

Mij(a∗
j)a

∗
j = b∗i , one has

Jij

(
a∗

j

)
δaj |δΘ=0 = δbi. (4)

One can now repeatedly solve (4) with the right-hand sides
δbi = δIl Wil obtained by perturbating, one after the other, m
phase currents Il and obtain m solution vectors for δaj |δΘ=0.
Since (4) is linear, the magnitude of the perturbations δIl

is arbitrary. One can also define, by inspection, the tangent
inductance matrix L∂

ls of the SRM seen from the terminals as

δϕl|δΘ=0 =Wlj δaj |δΘ=0

=WljJ
−1
ji

(
a∗

j

)
Wis δIs ≡ L∂

ls δIs. (5)

One can now complement (5) to account for the motion-
induced voltage (back electromotive force) for each phase l

El = ∂tϕl = (∂Θϕl)Θ̇
= (∂Θ∂Il

ΨM ) Θ̇ = (∂Il
∂ΘΨM ) Θ̇ = (∂Il

T ) Θ̇ (6)
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where T is the torque and ΨM is the magnetic energy stored
within the SRM. By recalling the energy conservation princi-
pals in (6), one avoids the tedious process of directly calculating
the Θ derivative, i.e., slightly shift the rotor, solve the FE
problem, evaluate new fluxes, and calculate a finite difference.

During the identification of the tangent inductance matrix
described previously, it is thus easy to calculate additionally the
torque corresponding to the perturbed solutions δaj |δΘ=0 and
to evaluate the motion-induced voltage El of each phase as the
variation of torque with the perturbation of the corresponding
phase current Il. Beware however that, as the torque is a
nonlinear function of the fields, the perturbations in this case
need to be small. Because of the linearity of (4), one may scale
the perturbation currents in (6) which yields

El =
T

(
a∗

j

)
− T

(
a∗

j + λδaj |δΘ=0

)
λδIl

, with λ = κ

∥∥a∗
j

∥∥
2

‖δaj‖2
.

(7)

Herein, the scale factor is chosen between 0.01 ≤ κ ≤ 0.05.
The presented approach to the field-circuit coupled problem

is used to analyze the acoustic behavior of the special SRM. The
2-D FEM mesh of the SRM with original and optimized rotor
shape is shown in Fig. 1. Simplorer is used as circuit simulator,
and the circuit schematic is shown in Fig. 2. It can be seen that
the complete supply circuit and the analog regulation part are
modeled as part of the circuit. The hysteresis control, however,
is implemented by means of Simplorer featured state machines
(see bottom of Fig. 2).

C. Force Calculation

With the field distribution obtained from the coupled
field–circuit simulation, the next step is to determine the elec-
tromagnetic force excitations.

Magnetic forces acting on a given medium are the divergence
of the electromechanical tensor of that medium. Each medium
has its own electromechanical tensor, and that of empty space,
or air, is the celebrated Maxwell stress tensor [20]. In con-
sequence, magnetic forces come under volume- and surface-
density form. In saturable nonconducting materials, the volume
density is basically related with the gradient of the magnetic
reluctivity, and it is usually negligible with respect to the
surface-force density Δσ. The latter one, located at material
discontinuities (e.g., on the stator surface in the air gap), is the
divergence in the sense of distribution of the electromechanical
tensor. It can be shown [21] that it has a normal component
only, whose amplitude is

Δσn = [bn(h1n − h2n) − (w′
1 − w′

2)] (8)

where bn is the normal component of the magnetic flux density
b at the interface between the stator and the air gap. h1n and
h2n are the normal components of the magnetic field strength h
in the air and in the stator iron, respectively. The magnetic co-
energy density w′ is related to the magnetic energy density w by

w′ = h(b) · b − w(b) = h(b) · b −
|b|∫

0

|h(x)| dx. (9)

Fig. 2. Circuit model of the SRM with power electric circuit.

Due to the constant magnetic permeability of air, w′
1 is

w′
1 = h · b − 1

2
h · b =

|b|2
2μ0

(10)

where μ0 denotes the magnetic permeability of vacuum. As the
magnetic steel sheets have a nonlinear magnetic characteristic,
the magnetic force density is calculated by integrating the
magnetic coenergy density w′

2 in (8) along the magnetic flux
density.

If the permeability of the iron can be considered to be
constant, (8) can be simplified to

Δσn =
1
2

[bn(h1n − h2n) − ht(b1t − b2t)] . (11)

D. Vibroacoustic Analysis

1) Structure Dynamics: After the electromagnetic simula-
tion of the SRM, a structure-dynamic simulation is performed
to determine the vibration. The surface-force density on the
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stator teeth, which is obtained from the electromagnetic sim-
ulation, is used as excitation.

The deformation-solver formulation is constructed using
Hamilton’s principle. After discretizing, the general vibration
equation in the frequency domain is obtained

(K + jωC − ω2M) · d(ω) = f(ω) (12)

where K, C, and M are the global stiffness and damping and
mass matrix, respectively. The imaginary number is denoted
by j, and ω describes the angular frequency of the problem.
d(ω) is the vector of the complex nodal deformation, and f(ω)
is the complex excitation force vector. As electrical machines
typically can be considered low-damped systems [22], the term
jωC is typically disregarded, as it is done in this work.

The complex surface-force density Δσn(ω) is transformed
from the electromagnetic simulation to a nodal force fk(ω) on
the mechanical model for each frequency to be analyzed. The
force at node k is given by

fk(ω) =
ne∑

j=1

Δσnj(ω)
∫

Ωm

ρjNken dΩm (13)

where ne is the number of elements of the electromagnetic
mesh, Δσj(ω) is the surface-force density on the jth ele-
ment, en is the unit normal vector, Ωm is the mechanical
domain, and ρj and Nk are the element and nodal shape func-
tions, respectively [23].

Then, the structure-dynamic simulation is performed. This
can be done either by solving (12) directly for each individual
frequency separately or by performing a modal analysis [24],
i.e., finding the eigenvalues ω2

i and the corresponding eigen-
vectors Φi in mass normalized form of the eigenproblem

Kd(ω) = ω2Md(ω) (14)

together with a subsequent modal superposition

d(ω) =
N∑

i=1

ΦT
i f(ω)Φi

ω2
i − ω2

(15)

where N is the number of eigenvalues. The latter approach is
used in this work.

The mechanical model (Fig. 3) consists of all components
of the electrical machine. The surrounding air is not included
in the model, since for the expected small deformations of
maximally a few micrometers, the influence of air on the
deformation of the solid body is negligible. Thus, the coupling
between structure-dynamic and acoustic simulations is consid-
ered as a unidirectional numerically weak coupling.

2) Acoustic Radiation: For the acoustic simulation, the me-
chanical deformation of the SRM is converted to the velocity
(v = jωd). In principle, calculation of the acoustic fields is
possible with the FEM. However, for calculation of airborne
noise, this method is unfavorable, since the entire calculation
area has to be discretized. An alternative is offered by the
boundary element method (BEM). Here, only the surface of

Fig. 3. Mechanical model of the SRM.

the SRM is discretized. The basic principle of the BEM is the
solution of the Helmholtz differential equation

Δp + k2p = 0 (16)

with the complex sound pressure p and the wavenumber k =
ω/c [25]. Here, c is the sound velocity of air. After further
calculation, the following system results to

H · p = G · v. (17)

H and G are the system matrices and the complex velocity
vector. v serves as the excitation value to the problem. A
numerical solution of (17) results in the sound-pressure vector
p. For the use of this method, an acoustic model of the radiating
surface is needed. To decrease the numerical effort, the internal
surface of the SRM is not included in the model. Therefore, the
acoustic model consists of the simplified outer surface of
the SRM’s housing without holes. The mechanical velocity of
the housing is transferred to this acoustic mesh [11].

Since the BEM is applied, sound-pressure and sound-particle
velocities are evaluated on predetermined points or surfaces. As
integral quantities, the acoustic power and the sound intensity
of the SRM are calculated. The results are available at discrete
frequencies.

III. NUMERICAL AND EXPERIMENTAL RESULTS

A. Measurements

All tests are performed for rated conditions, i.e., 200 V dc,
1.7 A, and 6000 r/min. Fig. 4 shows the current and voltage
waveforms as well as the rotation-related optical sensor signal
for the optimized rotor. The vibration has been acquired by a
piezoelectric accelerometer placed on the stator surface only
in the tangential direction and coupled to a spectrum analyzer.
As the aim of the initial study was the optimization regarding
reluctance torque, the radial acceleration was not measured on
the test bench. Therefore, the complete vibration behavior can
only be described by means of numerical simulations.

The power efficiency was measured for both machines. Using
the reference rotor, an efficiency of 69.0% was obtained, where
the optimized rotor yielded 69.3%. For the calculation of the
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Fig. 4. Measurements with optimized rotor. (From top) Current, voltage, and
optical sensor signal.

Fig. 5. Simulated currents for the optimized rotor.

efficiency, the input power was measured at the dc link that
feeds the converter, and the output power was calculated by
torque multiplied by the rotational speed. Thus, the calculated
efficiencies are related to the whole set, i.e., the drive circuit
plus the motor.

B. Simulation Results

The coupled field-circuit simulation is performed for both
rotor types at 6000 r/min. The resulting currents in both phases
are shown in Figs. 5 and 6 for the optimized rotor and the
reference rotor, respectively. It can be seen that, although the
control strategy is identical in both cases, the resulting current
is significantly different for both rotor types. Comparing Figs. 4
and 5, sufficient agreement between simulated and measured
currents can be observed.

From the electromagnetic field distribution, the generated
torque is calculated applying the Maxwell stress tensor. From
Fig. 7, it can be seen that the optimized rotor yields significantly
less torque ripple in operation at 6000 r/min, which has been
confirmed by measurement [1].

In addition to the torque calculations, the surface-force den-
sity acting at the stator surface is calculated. Its spectra are
shown in Figs. 8 and 9 for circumferential mode r = 0 and 2,

Fig. 6. Simulated currents for the reference rotor.

Fig. 7. Simulated torque for the reference and optimized rotors.

Fig. 8. Simulated force density with mode r = 0.

respectively. It can be observed that the superior rotor shape
in terms of force excitation clearly depends on the individual
frequency. For example, concerning the most important mode
r = 2, in the frequency range up to 4 kHz, the optimized rotor
shows better or approximately equal performance in terms of
force excitation, where in the range between 4 and 6 kHz, the
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Fig. 9. Simulated force density with mode r = 2.

force excitation of the optimized rotor is higher. Since the force
excitation, driven by the current, has a rectangular waveform,
the higher time harmonics are decaying with frequency. Since
no clear statement about the influence of the rotor geometry
on the acoustic behavior can be made from excitation alone, a
structure-dynamic simulation and an acoustic simulation as a
subsequent step seem to be reasonable.

As a first step, a numerical modal analysis is performed.
Within the frequency range of interest, in this specific ap-
plication (0–6 kHz), 22 eigenvalues are found. They can be
classified into three categories: The first one (up to about 2 kHz)
is movements of the stator and housing as a rigid body with
respect to the two ground plates, which are defined to have zero
deformation as a clamping condition. The movement is carried
out by deforming the weld seams. The second group is located
between 2 and 2.6 kHz. Here, mostly, the four mounting rods
between the front and back plates of the SRM are resonating.
Finally, above 2.6 kHz, the front and back plates, as well as the
cylindrical body, have resonances.

The total acoustic power, calculated by means of integrating
the product of pressure and velocity, is used for the comparison.
This is done in the frequency range up to 6 kHz. The result is
shown in Fig. 10. It can be seen that, at frequencies up to about
4 kHz, the reference design radiates more acoustic power,
where above 4 kHz, the optimized design is disadvantageous
in terms of acoustic radiation. To evaluate the total acoustic
behavior of both designs, the total acoustic power level is
calculated. Since the reference rotor gives 46.7 dB and the
optimized rotor gives 47.4 dB, it can be concluded that, in
overall, both designs nearly have equal acoustic performance.

As this study is comparing a rotor type that has been
optimized for torque ripple with its reference counterpart, a
final comparison is given in Table I. It clearly highlights that
the optimization is effective, since the side effects, such as
decrease of mean torque and increase of total acoustic power,
are acceptable.

IV. SUMMARY, CONCLUSION, AND FUTURE WORK

This paper has presented an energy-based field–circuit cou-
pling based on a temporary lumped-parameter model of the

Fig. 10. Simulated sound power level.

TABLE I
COMPARISON OF SRM WITH REFERENCE AND OPTIMIZED ROTORS

magnetic part in combination with a multiphysics simulation
of the acoustic radiation of electrical machines.

The harmonic force excitation is calculated by means of
a stress tensor computation and transformed to a mechanical
mesh by mapping techniques. The structural problem is solved
in the frequency domain using FE modal analysis and superpo-
sition. The radiation characteristic is obtained from boundary
element acoustic simulations.

The proposed method is applied to a special SRM with
asymmetric pole geometry to improve start-up torque. The pole
shape has been optimized for low torque ripple in a previous
work, and the proposed approach is used to analyze the impact
of the optimization on the overall acoustic behavior.

Simulation results show sufficient agreement with mea-
sured currents. It is shown that the acoustic characteristic of
the SRM with optimized rotor is only superior in the lower
frequency domain. For frequency larger than approximately
4 kHz, the initial design radiates lower noise. Overall, it
can be said that the optimized design is superior, since the
torque ripple was decreased significantly and the decrease
of mean torque and the increase of total acoustic power are
acceptable.

Since the described procedure is costly in terms of compu-
tational time, further development will focus on developing
a method to define a transfer function which represents the
vibroacoustic in a single complex number per frequency and
mode. This then can be used to optimize this special SRM for
torque ripple, as well as for acoustic radiation at the same time.
In addition, the authors are currently working on smart current
profiling to minimize the vibration, as, e.g., shown for induction
machines in [26].
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