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ABSTRACT

In order to improve the acoustic behavior of an electric

drive train a holistic simulation approach is presented that

considers the interactions of structural mechanics and elec-

trodynamics. The electrodynamic forces in the motor in-

fluence both the rotor dynamics and the structure vibration

and thus the sound radiation. Even small variations of the

air gap lead to changes in the electrodynamic field, which

cause a change in the resulting loads and therefore vibra-

tion excitation. Especially air gap changes due to load- and

operation-dependent deformations of the stator and rotor

are problematic. Such deformations influence the electro-

dynamically excited structural vibrations as well as the ro-

tordynamic loads. Therefore, it is necessary to consider

the electro- and structural-dynamic effects together. In this

study, the finite element method (FEM) is used to calcu-

late both the deformation of the structure and the electro-

dynamic forces. The forces determined using the FEM,

for instance as a function of the current rotor eccentricity,

are used as excitation in a multi-body simulation (MBS)

and thus allow the description of the structural vibrations,

whereby bearings such as ball bearings or hydrodynamic

bearings can be taken into account. In addition the sound

radiation of the vibrating structures is studied. Subse-

quently, design measures can be evaluated based on possi-

ble improvements by means of parameter studies, without

the necessity of real prototypes. Due to the general simu-

lation approach, the presented methodology is not limited

to the investigated engine.

1. INTRODUCTION

The emitted noise is a central problem of all electrical ma-

chines. Mainly due to the fact that the typical sound emis-

sion of an electric motor is very tonal and contains higher

frequencies, noise of electric machines is perceived as par-

ticularly annoying. For this reason, the numerical analysis

of sound radiation is an important tool to be able to predict

the acoustic behavior at an early stage of the product devel-

opment process. It should be noted that smallest variations

in the air gap of the motor can change the electromagnetic

fields and the resulting forces and moments. An eccentric

rotor creates a strong force in the direction of the smallest

air gap between rotor and stator [1]. This force is called

unbalanced magnetic pull (UMP) and influences the vibra-

tion behavior of the structure [2], which influences the air

gap, and the acoustics of the system as well. These days,

the interactions between mechanical structure and electro-

magnetic components are usually not taken into account.

In contrast, a coupled approach including the feedback of

the interactions of structural vibrations and electrodynam-

ics is presented in this paper. Especially, in the context

of rotor dynamic analysis the coupling of electrodynam-

ics and multi body systems is novel. The need for such a

holistic simulation approach that considers these interac-

tions arised in a previous study of an electric wheel hub

motor [3].

2. THEORETICAL BASICS

2.1 Multi body simulation of mechanical systems

Multi body simulations are used to describes the spatial

motion and dynamic behavior of bodies effected by arbi-

trary loads which can also include electrodynamic forces.

In general the interactions between different bodies, which

can be modeled either as ideal rigid or elastic deformable,

determine the dynamical behaviour of the overall system.

These interactions can be described using defined force

laws or alternatively by constraint equations (for example

in the case of joints).

Starting from the linear momentum and angular mo-

mentum for rigid bodies or using a mechanical principle

(e.g. Hamilton’s principle) for the description of elastic

bodies, the resulting equation of motion of the multi body

system can be derived [4, 5]

M
MBS

(q, q̇) ÿ + hω(ω, q, q̇) + hel(q, q̇) =

ho(x, ẋ, ϕ, ω, q, q̇, t) . (1)

For calculation of the kinematic quantities position x, ori-

entation ϕ and elastic deformations q as well as their time

derivatives, the inertia terms, which are represented by

the mass matrix M
MBS

and the accelaration vector ÿ =

[ẍ ω̇ q̈]T , the vector of centrifugal-, coriolis- and gyro-

scopic forces hω , the elastic characteristics represented by

the vector of elastic forces hel and the acting forces have to

be considered. After transformation into state space with-

out taking into account constraint equations

z = [y ẏ]T (2)

the resulting ordinary differential equation (ODE)

ż = Φ(z) = [ẏ M−1

MBS
(ho − hω − hel)]

T (3)
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can be solved by standardized ODE solvers. Due to the

rather stiff numerical behaviour as a result of the electro-

dynamic forces, which are included in the vector of outer

forces ho, a two-level implicit Runge-Kutta method based

on the trapezoidal rule is used in this paper, also known as

ODE23t.

2.2 Finite element analyses of electromagnetic fields

The finite element method (FEM) is a numerical method

for solving differential equations and is widely used in en-

gineering problems. Its use for the formulation of electro-

dynamic phenomena is described in detail in various liter-

ature [6–8], leading to the following system of equations

KA = J +B0 (4)

with the permeability matrix K, the magnetic vector poten-

tial A, the current density J and the magnetization B0. To

take eddy currents into account, the system of equations

can be expanded by including the conductivity matrix L
and a motion matrix V

L Ȧ+ (V +K)A = J +B0 . (5)

The magnetic vector potential A is a mathematical auxil-

iary variable from which the magnetic flux density B and

the magnetic field intensity H can be determined using the

magnetic permeability μ and the rotation rot

B = rot(A) , (6)

H =
1

μ
B . (7)

With the magnetic field intensity H the electrodynamic

forces ho,elec can be calculated and applied as a part of

the outer loads ho = ho,mech + ho,elec to the mechani-

cal field problem (MBS procedure). The electrodynamic

forces ho,elec are obtained using the Maxwell’s stress ten-

sor by an integration along the edges Γ of the element

dho,elec = −μ0

2
H2dΓ + μ0(H · dΓ)H , (8)

therein μ0 is the magnetic permeability. In this paper finite

elements with quadratic shape functions are used. In order

to improve the convergence and thus reduce the computing

time, high order element ansatz functions are aimed for in

further works. As shown in Figure 1, higher order elements

have a better convergence rate and are also robust against

element distortion [9].

2.3 Coupling of structural mechanics and
electrodynamics in the context of electric machines

For considering the electrodynamic influences on the me-

chanical system, an existing multi-body program EMD,

developed at the Otto von Guericke University Magdeburg,

is extended in order to solve the coupled electromechani-

cal problem dynamically. As it can be seen in Figure 2, the
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g 
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)

Figure 1. Optimal convergence rates of elements with

shape functions of different polynomial order [9].

Equation of motion
+

Numerical time integration

Figure 2. Presented simulation workflow including the

coupling between a multi body simulation and an electro-

dynamic finite element analysis in order to take into ac-

count electrodynamic loads (blue).

solution of the electrodynamic problem is done in every

time step. The resulting forces are functions of the kine-

matic quantities such as shaft displacements x, the corre-

sponding velocities ẋ, the rotational speed ω and the angle

of rotation ϕ. Furthermore, the actual phase of the current

and the solution from the last time step are required. In this

way, the electrodynamic calculation takes into account the

the air gap change of the engine and the MBS considers

the changed magnetic forces. Such a coupling including

the feedbacks is novel and not implemented in any com-

mercial software until now. With the help of a transient

simulation, the vibration behavior of the system can be de-

scribed considering the mentioned interactions.

3. INVESTIGATION OF THE VIBROACOUSTIC
BEHAVIOR OF AN ELECTRIC ENGINE

3.1 Design of the electric engine

The lightweight alternating current motor using an air gap

winding shown in Figure 3 is used for the investigations

in this paper. It was developed at the Otto von Guericke

University Magdeburg, which gives access to a parame-

terized model and all drawings. In addition, a prototype

is available, which can be used for experimental investi-

gations to validate the presented method. The motor has

14 pole pairs and is operated with a current up to 300 A.

This external rotor motor was developed as a drive for a
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speedboat and is therefore called further on boat motor. It

has a maximum torque of 50 Nm, a maximum rotational

speed of 3000 rpm, a length of approximately 220 mm
and a diameter of roughly 160 mm.

Figure 3. Examined electric motor (an external rotor mo-

tor with air gap winding).

Figure 4 shows a section of the electromagnetically rel-

evant components of the motor with air gap winding. The

stator with 36 associated copper windings and the rotor

with two magnets (one of fourteen pole pairs) can be seen.

The electromagnetic components have a depth of 120 mm.

A rectangular current I is applied to the copper conductors

of the motor. Figure 5 shows the pathway of the current of

the three phases for one rotation.

rotor

stator
phase A
phase B
phase C

Figure 4. Section of the electromagnetically relevant com-

ponents of the motor with air gap winding shown in Fig-

ure 3.
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Figure 5. Normalized current I/Imax of the three electric

phases depending on the angle of rotation ϕ.

3.2 Vibroacoustic analysis with commercial software

In this chapter the engine shown in section 3.1 is examined

by using the commercial software ANSYS. This section

is used to verify the simulation results of our own imple-

mentation and to look at the steps that are required in the

following to determine the acoustic behavior of an electric

machine. As already said, it is not possible to consider a

coupling including feedback within commercial software.

Consequently, only the single parts of the developed holis-

tic simulation approach can be verified by comparison with

the results of ANSYS.

Figure 6. Magnetic vector potential A of the boat motor.

In a first step, the electromagnetic fields of the boat mo-

tor and the resulting forces and moments are calculated.

Figure 6 shows the magnetic vector potential A, from

which the resulting forces and torques can be determined

using Maxwell’s stress tensor (see equation 8), whereby

periodic boundary conditions can be introduced, leading to

a significantly smaller system of equations. The calculated

torque of 49.6 Nm for an input current of 300 A is in good

agreement with experimental results of 47.2−49.5 Nm

(depending on the rotational speed) at 300 A [10]. These

forces rotate with the rotational speed and can be used as

loads for a harmonic analysis. It is important to note that

the motor is always in a central position during the whole

analysis. Consequently, the presented coupling of the rotor

dynamic and electrodynamic system leads to a more pre-

cise approximation of the reality. By neglecting the influ-

ence of structural vibration on the air gap, a very efficient

calculation is possible. However, an error must be accepted

in this case. The resulting structural vibrations of the en-

gine housing for an arbitrary frequency are shown exem-

plarily in Figure 7. The corresponding sound pressure dis-

tribution in the surrounding air can be determined subse-

quently based on the previously calculated structural vibra-

tions of the surface of the housing of the electric boat mo-

tor. Figure 8 shows the sound radiation in a cutting plane

in the middle of the spherical air volume, which was deter-

mined with an acoustic analysis in an uncoupled manner

(no feedback of the air on the structure). On the outer sur-

face of the fluid domain absorbing boundary conditions are

used to fulfill the Sommerfeld radiation condition. To en-

sure a sufficient discretization standard convergence anal-

yses were executed.
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Figure 7. Vibration behavior of the motor housing at an

exemplary frequency.

Figure 8. Calculated sound pressure in surrounding air

volume of the boat engine for an exemplary frequency.

However, in the context of the coupled approach pre-

sented in this paper the following should be noted. Taking

a MBS into account, a harmonic analysis is only possible

if the shaft displacement describes a recurring orbit, which

can occur, for example, at a constant rotational speed, that

means for stationary operating points. Otherwise a tran-

sient calculation is required. In this case run-up simula-

tions are also possible.

3.3 Validation and Verification of the calculated forces
of the coupled approach

As written in section 3.2, for an input current of 300 A

and different rotational speeds (100 − 300 rad
s ) a result-

ing torque of 47.2−49.5 Nm was measured. In a magne-

tostatic analysis 49.6 Nm were calculated using ANSYS.

This results in a deviation of the simulation between 0.2−
5 % compared to the experimental data. It has to be noted

that a magnetostatic analysis does not consider the rota-

tional speed, which explains the range of differences be-

tween numerical and experimental results. In addition, that

Torque Vec. pot.

M [Nm] A[Wb/m]

Experiment 47.2−49.5 -

ANSYS 49.6 7.11× 10−3

with Hys.

ANSYS 46.3 7.05× 10−3

without Hys.

EMD 45.6 6.96× 10−3

Electromag.

Table 1. Experimentally and numerically determined

torques as well as the maximum vector potential.

means that the numerical model does not consider eddy

currents or other dynamic effects in the magnetostatic case.

In contrast, the hysteresis behavior was taken into account

in the numerical simulation of the motor, which was used

for the comparison mentioned above. However, such hys-

teresis effects are currently not implemented in our version

used for the coupling of the MBS and electrodynamics in-

cluding feedback. For this reason, the same constant rela-

tive permeability is assumed for the stator as for the rotor

(μ = 4000 H
m ). If the same setting is used in ANSYS,

a torque of 46.3 Nm results, which corresponds to a per-

centage error of 6.3 % compared to the model with hys-

teresis. This shows that the hysteresis effects should be

taken into account in general. The simulation with our own

FE-implementation leads to a torque of 45.6 Nm and thus

to a deviation from ANSYS (without hysteresis effects) of

1.5%. Finally, it can be stated that the presented method-

ology and model are able to describe the electromagnetic

fields and the resulting loads in a suitable way. Table 1

shows the determined torques as well as the maximum vec-

tor potential that occur for the different cases.

3.4 Influence of the coupling of MBS and
electrodynamics on the behavior of a generic motor

At this point, a simple motor with one pole pair is used

to evaluate the influence of the interactions. For this pur-

pose, in a first step the electrodynamic forces that rotor and

stator exert on each other are investigated, when they are

in a central position. In a second step the electrodynamic

forces are neglected and an eccentric rotor position is stud-

ied in the mechanical system while using elastic bearings.

The resulting forces in the bearings are examined. In the

last step, the two systems are combined and the influence

of the coupling is demonstrated. The steps carried out here

will be applied in further investigations in the same way to

the boat motor. Figure 9 shows the simple motor with FE

nodes on the surface of the rotor and stator as well as the

corresponding force vectors. Here, a transient calculation

with constant rotational speed is carried out. At the inter-

face between rotor and air gap (red dots) or between stator

and air gap (blue dots), the electrodynamic forces (arrows)

are determined using the Maxwell stress tensor. The time

depending node forces are transferred into the frequency

domain using a Fast Fourier Transformation (FFT) [11].
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Figure 9. Electrodynamic model of the simple two-pole

motor with FE nodes on the surface of the rotor and stator

as well as force vectors.
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Figure 10. Frequency spectrum of the electrodynamic

forces of all FE nodes of the simple motor with the rotor in

a central position.

This FFT is done for all node forces in the air gap. Fig-

ure 10 shows the frequency response of all node forces of

the motor at a speed of 100 revolutions per second. In ad-

dition to the rotational frequency itself, the double rota-

tional frequency of 200 Hz is clearly visible in Figure 10.

This frequency is excited by the two pole pairs. With a

14−pole motor, e.g. the boat motor presented here, it is

expected that a dominant peak at 28 times the speed can

be observed.

The air gap is constant for the frequency spectrum shown

in Figure 10. This means that the bearings in the motor

that are supposed to keep the rotor in the central position

of the stator are assumed to be rigid. Now the bearings

are represented by springs with a constant spring stiffness

of c = 300× 103 N
m each. Figure 11 shows a shaft (rotor

m = 0.62 kg) held in the middle of a bearing block (stator)

by springs (bearings). Electrodynamic effects are not taken

into account in this model, so that this model is a single-

mass oscillator. The corresponding natural frequency ω
can be calculated analytically

ω =

√
2 · c
m

. (9)

This results in a natural frequency of 157 Hz. As shown

in Figure 12, this natural frequency can be confirmed by a

FFT of the time signal of the spring forces. For this pur-

pose, a free oscillations test was carried out, i.e. the system

was given an initial deflection. The natural frequency de-

stator

rotor
magnet

copper

Figure 11. Mechanical model of the simple two-pole mo-

tor with elastic bearings without consideration of electro-

dynamic effects.
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Figure 12. Frequency spectrum of the spring force of the

simple motor with elastic bearings and without electrody-

namic forces.

termined is independent of the selected initial deflection

(except in the static rest position of the system, in which

the system is at rest).

Now these two systems will be combined. A transient cal-

culation and a FFT of the calculated node forces is car-

ried out. Both the electrodynamic forces in the motor and

the bearing forces (which are approximated by springs) are

taken into account. The initial deflection is chosen as in

the previous model. The frequency spectrum illustrated in

Figure 13 clearly shows the rotational frequency and the

double of it. These two frequencies are identical to the

ones depicted in Figure 10. The frequency from Figure 12

has been shifted from 157 Hz to 139 Hz. This can be ex-

plained with the UMP, which has a similar effect like a

spring with negative spring stiffness. Consequently, the

overall stiffness is reduced and thus the eigenfrequencies

are decreased. Distortion frequencies can be seen in addi-

tion to the frequencies shown in Figures 10 and 12 at 61 Hz

and 339 Hz. They are the sum or the difference between

200 Hz and 139 Hz. In summary, one of the frequencies

has shifted and two new frequencies have been added by

considering the coupling between mechanical and electro-

dynamic system. As a consequence the vibration behavior

of the structure has changed. In this minimal example, only

the elasticity of the bearings was taken into account. Nev-

ertheless significant influences on the vibration behavior

of the overall system were determined. The consideration

of shaft deformations, external excitations or other compo-
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Figure 13. Frequency spectrum of the electrodynamic

forces of all FE nodes of the simple motor in the coupled

case.

nents also effects the vibration behavior and thus the sound

radiation of the electric machine under investigation. This

influences will be examined in further work.

4. SUMMARY

A holistic simulation approach is presented, that consid-

ers the interactions of structural mechanics and electrody-

namics. For this purpose, an existing multi-body program

(EMD) was extended to include a FEM force calculation

routine for electromagnetic fields. The electrodynamic part

separately was validated using experimental data of the

boat motor as well as verified by a commercial software

(ANSYS). A coupled examination of the motor was car-

ried out, in which the bearings were modeled as elastic el-

ements. The results show that the coupling has a significant

influence on the vibration behavior of the system and thus

on the emitted sound. In addition to a shift in frequencies,

new distortion frequencies appear.

5. OUTLOOK

In further work, the calculation of the electrodynamic

forces has to be improved. For this purpose, other

influences such as eddy currents and hysteresis effects

have to be taken into account. Furthermore, the current

two-dimensional FE analyses will be extended to three-

dimensional ones. In this way, tilting and deformations

of the rotor relative to the stator, which can influence the

overall vibration behavior significantly, can be taken into

account. The complexity of the included mechanical com-

ponents will be also increased. In the present work, only

elastic bearings are considered in the engine. The aim is to

include elastic shafts, external loads and components such

as clutches and gears. An experimental validation of the

presented coupled approach is planned and already pre-

pared on the required test bench. After the coupling has

been implemented and validated successfully, the calcu-

lated electrodynamic forces are used to determine their in-

fluence on the acoustic behavior of the electric machine.

Subsequently different design configurations of the boat

motor are compared and evaluated in order to develop an

improved prototype from an acoustic point of view (natu-

rally ensuring further auxiliary constrains as minimal mass

and required power). The influence of assembly errors or

varying current signals will be also investigated.
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