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Abstract 

With today’s increase in rail traffic the impact of noise on the people near railway lines is increasing. 
To control this problem European Union regulations, including TSI (Technical Specifications for 
Interoperability) Noise, has come into force by implementing many strict norms on new railway 
vehicles put on the market. One TSI regulation is limiting the acceleration noise, which in turn calls 
for low noise solutions for drive systems which typically governs the vehicle noise at low speeds, up 
to around 80 Km/hr. This regulation on railway noise has become a major challenge for many train 
manufacturers. This calls for electromagnetic-Vibration-Acoustics multi physics analysis of the motor. 

The thesis mainly focuses on numerical modelling of the electromagnetic-vibro-acoustics system. 
Ideally such models can compute the audible magnetic sound power radiated from the motor as a 
function of its speed, PWM strategy applied and geometry. Here a pulse modulated permanent 
magnet traction motor was modelled with finite elements (FE), using a commercial software. 
Thereafter, the dynamic characteristics of the motor was analysed by FE modal analysis (eigen-
frequencies and eigen-modes) as well as by point force frequency response analysis. The FE model 
was validated by comparing the Eigen-modes, Eigen-frequencies and point accelerance with the 
experimental modal analysis results. Thereafter, frequency response analysis was performed to 
calculate the vibration velocities on the surface of the stator frame using realistic electromagnetic 
forces. These forces were calculated with a dedicated motor analysis tool (FLUX). Moreover, the 
vibration velocities calculated were used in boundary element model to calculate the radiated sound 
power and the directivity. Finally the calculated vibration and sound power levels were compared 
with measurement results. 
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Notations 
 

𝜔𝑒            Angular velocity of rotating magnetic field, [radians/second] 

P               Number of poles in the motor  

𝜔𝑒𝑚           Angular velocity of the rotor, [radians/second] 

𝑖𝑎 , 𝑖𝑏 , 𝑖𝑐    Current in different phases of the 3-phase motor, [A] 

M               Mass, [Kg] 

t                 Time, [s] 

q                Displacement, [m] 

𝑞𝑛             Normal displacement 

F                Force, [N]  

[d]             Damping matrix 

K              Stiffness 

𝜔              Angular Frequency, [rad/second]      

𝜌0            Density of air, 1.205 [𝐾𝑔/𝑚3] 

𝑝              Pressure 

D              Dynamic stiffness 

R              Receptance 

H             Transfer function (Receptance/Mobility/Accelerance) 

𝜔𝑛           Eigen frequency, [radians/second] 

𝜓𝑛          Eigen vector or mode 

 

Abbreviations 
 

EU                            European Union 

TSI                            Technical Specifications for Interoperability 

PWM                     Pulse-width Modulation  
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AC                             Alternating current 

FE                           Finite Element 

EM                         Electromagnetic  

EMA                       Experimental Modal Analysis 

mmf                       Magnetomotive force 

FRF                         Frequency Response Function 

BEM                       Boundary Element Method    
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Chapter 1 

1 Introduction 

1.1 Rail Noise 
Railway noise is an environmental issue that has very negative impact on the population along the 
railway lines. A strong growth in the traffic volume is foreseen in Europe in the coming years which 
are estimated at up to 40% for passengers and 70% for freight by 2020. Of this increase the rail 
sector is expected to capture around 14% of the freight and 11 % of the passenger growth [1]. 
Consequently, the impact of railway noise on the population is expected to increase. This has 
become a well-recognized problem at European level. In recent years, EU regulations including TSI 
Noise have come into force to reduce the problem caused by noise on people. To implement the 
regulations the TSI Noise aims at limiting the noise emission from new railway vehicles put on the 
market. Recently, acceleration noise is in increased focus due to a planned tightening of the 
European legislation (TSI Noise for conventional rails) which calls for low noise solutions for traction 
motors and gears. This regulation on railway noise together with more stringent customer 
requirements has become a major challenge for many train manufacturers.  

1.2 Rail Noise Sources 
There are a number of major sources when the noise emission characteristics of an individual train 
are considered. The dominating sources are different for different situations, like whether the train is 
stationary, running at constant speed, accelerating, decelerating etc... Train speed is a major 
influence parameter. The noise due to traction motor and auxiliary system is predominant at low 
speeds, up to around 80 Km/hr. At this speed range the Electromagnetic noise from traction motors 
can be an annoying source for population near railway lines and also for passengers sitting above a 
driven bogie, in particularly during train acceleration. The wheel/rail rolling noise is dominant up to 
around 200-300 Km/hr, after which aerodynamic noise dominates [2]. 

 

Figure 1 Railway Exterior Sound pressure level as a function of train speed [2]. 
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1.3 Electric Motor Noise mechanisms 
The main noise generation mechanisms in a traction motor are mechanical, aerodynamic 
and electromagnetic as shown in Figure 2.  

 

Figure 2 The relationship between exciting forces and noise and vibration of electrical motors [1].   

The mechanical sources comprise of structure borne noise generated by different auxiliaries 
of the motor like defected bearings, rotor-stator eccentricity, electrical units etc. The 
aerodynamic sources originate from the cooling system (fan and ventilation duct system) 
designed to vent the excessive heat developed due to losses in the electrical machine [1]. 
The main source of EM noise is the radial EM force which is generated in the motor due to 
laminated core slotting, eccentric stator with respect to rotor and current ripples caused by 
the converters (PWM).  

The four EM force generation mechanisms are shown in the Figure 3.  

1. The first force generation mechanism shown is the effect of slotting. This is the 
consequence of equally spaced stator teeth, winding slots and the pattern with which 
permanent magnets are placed in the rotor. The slotting has two main effects: 

 The magnetomotive force (mmf) gets disturbed around the circumference of the air 
gap which results in strong harmonic content superposed over the fundamental mmf 
wave. 

 The air gap represents the total reluctance of magnetic circuit. The winding slots 
break the uniform cylindrical shape of the air gap around the circumference which 
changes the reluctance of the magnetic circuit periodically as the relative position of 
the stator and the rotor changes. The local maximum and minimum values of the 
permeance corresponds to tooth-faces-magnet and slot-faces-slot respectively.  
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Figure 3  Exciting force generation mechanism of electromagnetic origin [1].  

2. The second force generation mechanism shown is the iron magnetic saturation which results 
in the non-uniform distribution of the magnetic flux generating more harmonics in the 
electromagnetic force.  

3. The third force generation mechanism shown is the harmonics in the motor voltage supply 
which are induced by the PWM of the voltage to get desired frequency and amplitude. These 
harmonics are reflected in the electromagnetic force around the air gap.  

4. The fourth force generation mechanism is the rotor and stator eccentricity. A very small 
deviation of the air gap from the shape of a cylindrical sleeve of uniform thickness will result 
in considerable relative distortion of air gap permeance which in turn results in harmonics. In 
this thesis the effect of eccentricity is not accounted. 

 

1.4 Basic design and working principle of Synchronous Permanent Magnet 
motor. 

The thesis was performed on a Permanent Magnet Traction Motor. These motors are used in 
several modern trains and have a nominal power of 300 kW and max power of 950 kW.  The 
key feature of the Permanent Magnet Motor is that the rotor creates its own magnetic flux 
since it incorporates magnets, making it more efficient than standard induction motors in 
terms of performance, energy consumption and motor cooling. 

The PM motor is a rotating electric machine where the stator is a 3-phase stator, like that of an 
induction motor. In the rotor, the magnets can be positioned on the rotor surface or inserted in the 
rotor iron, as shown in Figure 4.  
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 Figure 4 Cross Section of a Three-Phase 4 pole PM Motor 

If the stator is powered by a three phase sinusoidal current, the PM motor is equivalent to an 
induction motor with the air gap magnetic field produced by a permanent magnet. The magnetic 
field created by the rotor always remains constant. The use of permanent magnet to generate 
magnetic flux in air gap makes it possible to generate highly efficient PM motors. 

1.4.1 Motor Construction and terminologies [5] 
A motor consists of two main parts: 

a) A stationary Stator. 
Stator is made from laminated iron and a 3-phase windings. These windings are carried in 
the slots around the circumference of the cylindrical bore. There is separate winding for 
each phase of supply and they are distributed in sinusoidal fashion. The construction details 
are shown in the Figure 5. 

 

Figure 5 Construction of a stator [5]. 
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stator winding 
(in slots) 
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The stator winding for a two-pole-three phase motor is shown in Figure 6. Each phase is made from 
large number of windings. Each circle in figure represents a winding and each colour represents a 
phase. The size of the circles indicates that the number of turns in windings varies in sinusoidal 
fashion in space. The windings also carry a sinusoidally varying current. The solid circles indicate 
positive current and crossed circles indicate negative current. 

 

Figure 6 Two-Pole-Three-Phase winding [5]. 

  

b) A moving rotor. 
The rotor is a rotating component with for example permanent magnets embedded on its 
surface generating constant magnetic flux. An example of permanent magnet rotor is shown 
in Figure 7. 

 

                        Figure 7 Permanent Magnet Rotor. 

 

1.4.2 Working Principle 
The PM motor works on the principle of rotating magnetic field. When 3-phase stator currents 120𝑜 
phase shifted in time are applied to the windings, they produce a magnetic field rotating at  
𝜔𝑒 (𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙) 𝑟𝑎𝑑𝑖𝑎𝑛𝑠/𝑠𝑒𝑐𝑜𝑛𝑑 . For example, the rotating magnetic field generated from stator 
current of a 2-pole and 4-pole motor are shown in the Figure 8. 
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Figure 8 Rotating Magnetic Field generated from stator current [5]. (a) 2-Pole motor (b) 4-pole motor. 

If a motor has P poles, the magnetic field will rotate at 𝜔𝑒𝑚 (𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙)𝑟𝑎𝑑𝑖𝑎𝑛𝑠/𝑠𝑒𝑐𝑜𝑛𝑑  

𝜔𝑒𝑚 =
𝜔𝑒

(𝑃2)
  (𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙) 𝑟𝑎𝑑𝑖𝑎𝑛𝑠/𝑠𝑒𝑐𝑜𝑛𝑑 

The rotor with permanent magnets locks with this rotating magnetic field and rotates with it. Since 
rotor rotation is synchronized with the frequency of the stator AC supply, this motor is known as 
Synchronous Permanent Magnet Motor. 

1.4.3 Pulse-Width Modulation 
Until now it has been assumed that the motor is driven by a fixed frequency current (main-line). But 
in railway applications the motor would be able to run at variable speed irrespective of load. This is 
achievable only if the motor is driven by variable frequency and amplitude source which is made 
possible by the application of Power electronic converters and controllers. PWM technique is widely 
used for this purpose as a consequence of which it adds ripples in the input current producing 
harmonics in the electromagnetic force. A simple example of PWM technique is shown in the Figure 
9.   

 

Figure 9 PWM technique used to get desired frequency and amplitude of voltage from main line voltage 

1.5 Objective 
The main purpose of this MSc. Thesis is to study and model the noise and vibration levels 
from a Permanent Magnet traction motor purely due to electromagnetic 
excitation.Electromagnetic noise from traction motors can be an annoying source, in 
particularly during train acceleration. The main aim of the thesis is to systematically analyse 
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the excitation and transmission of electromagnetically generated forces within a Permanent 
Magnet Traction Motor and to evaluate the noise and vibration level emitted. The model 
developed should ideally be able to compute the audible magnetic sound power level 
radiated by a motor as a function of its speed, applied PWM strategy and geometry.  

1.6 Method  
The following method was followed: 

• Literature survey on analytical models to compute the vibration and acoustic response due 
to electromagnetic force. 

• Create the FE model of the motor with the purpose to calculate vibrations and radiated 
sound due to EM excitation.  

• Validation of the model with measurement data. Two validations were done: 
1. Modal model 
2. Vibration and sound with realistic excitation 

The complete Thesis was divided into following tasks: 

1.6.1 Study of Dynamic characteristics of the traction motor 
1. Finite Element Analysis  

• FE Modelling. ( Pre-processing) 
• Eigen Value Analysis. (Solution) 
• Eigen Frequency and Eigen Mode (Post-Processing) 

2. Experimental Modal Analysis (EMA). (Student Project at KTH ) 
• Discretization of the traction motor into 97 measurement points. ( Pre-processing) 
• Measurement of transfer functions at aforementioned points. (Processing) 
• Eigen Frequency, Eigen Mode, Transfer function and frequency dependent loss factor 

(Post-Processing). 
3. FE unit force frequency response Analysis 

• Modal superposition method was used. So Eigen modes from step 1 were used for 
modal summation. 

• Loss factor obtained in step 2 was used. 
• Unit force was applied at the same position as that of EMA. 
• Frequency Response analysis was performed. 
• Point accelerance (Refer 9.2.2) was post-processed and compared with EMA point 

accelerance to check the reliability of Finite element results. 
4. Validation of FE results with EMA results. 

• FE and EMA Eigen modes, Eigen frequency and point accelerance were compared.  
• Depending on the above comparison, the FE model will be fine-tuned, if necessary. 

1.6.2 Calculation of the velocity on the outer surface of stator frame due to EM force  
1. Evaluation of EM force in the motor using FE method. (Executed by Florence Meier, 

Bombardier PPC department) 
2. Signal Analysis of the Electromagnetic force. 

• Time signal of EM force acting on one pole of the stator was the input. 
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• Fast Fourier transform was performed to calculate EM force as a function of 
frequency. 

3. FE, EM force frequency response Analysis. 
• Modal superposition method was used. So Eigen modes from Part 1.6.1 step 1 were 

used for modal summation. 
• Loss factor obtained in part a Part 1.6.1 step 2 was used. 
• Frequency dependent EM forces were applied on the stator laminates. 
• Frequency Response analysis was performed. 
• Velocity on the outer surface of stator frame was calculated. 

1.6.3 Calculation of radiated sound pressure level 
• Boundary element method was used to calculate the radiated sound power level and 

directivity from the stator frame. 
• Velocity calculated on the outer surface of stator frame in step 1.6.2  was used as input 

1.6.4 Measurement of velocity on outer surface of stator frame and sound pressure level  
• Measurement of vibration velocity and sound pressure level was conducted for different 

speed of motor. 
• Test data was used to validate the calculated velocity and sound pressure level.  
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Figure 10 Flow chart of work tasks within the project 
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1.7 Literature Survey 
The literatures surveyed for the successful completion of the thesis are briefed in this section. Noise 
and Vibration of Electrical Machines by P.L Timar [1], discusses on the acoustics and noise-measuring 
systems of electrical machines. A detailed theoretical explanation of the EM, mechanical and aero 
dynamical vibration and noise sources in electrical machine is given in this book. The theoretical 
explanation on electromagnetic contribution towards noise was very useful for the thesis. The paper 
presented by Dirk Verdyck and Ronnie J.M. Belmans, An Acoustic Model for a Permanent Magnet 
Machine: Modal Shapes and Magnetic Forces [6], focuses mainly on the theoretical and FE 
formulation for the calculation of the generalized force using modal base. The paper presented by 
C.Wang and J.C.S Lai on Vibration Analysis of Induction Motor [9], discusses the modeling of the 
vibration behavior of a 2.2KW induction motor. It follows modal based method and also discusses 
about the effects of the teeth of the stator, windings, outer casings, slots, end shields and support on 
the overall vibration behavior. The paper presented by M.A Nasser on Modal based predictive design 
and analysis of electric motors [11], discusses on how FE method can be used for modeling and vibro-
acoustic simulation and how EMA can be used in model validation and verification. In this paper the 
method of component mode synthesis was utilized to analyze the vibration characteristics. The paper 
presented by J.Le Besnerais on characterization of the audible magnetic noise emitted by traction 
motors in railway rolling stock [12], focuses mainly on the derivation of the analytical 
characterization of Maxwell radial vibrations due to magnetic saturation effects in traction motors 
and it shows that stator-rotor slot number and stator natural frequency highly effects the Maxwell 
forces and can be responsible for high magnetic noise levels during starting and breaking. The PhD 
thesis by Amine AIT-HAMMOUDA ,Pre-dimensionnement et etude de sensibilite vibro-acoustique de 
machines a courant alternative et a vitesse variable [17], gives a very detailed explaination on 
electromagnetic vibration and noise generation mechanism both analytical and finite element point 
of view. This Phd thesis was reffered extensively in this master thesis work for the understanding of 
the EM vibration and noise generation mechanism. Similar papers on EM noise and vibration, [10] 
and [13] to [16] were reffered as a part of leterature study for this master thesis work. 

 
The EM vibration and noise level limits imposed by TSI and European legislations  were reffered from 
[2] and [3]. These references also briefs on how EM noise measurements were done for the 
certification of the vehicle and at the same time highlights the importance of virtual testing 
techniques for the same. 
 
Lecture notes by Ulf Carlsson on Experimental Structure Dynamics [7], was reffered for the theoritical 
background on modal and frequency response analysis. Most of the formulas used in the vibration 
and acoustic calculations were reffered from the book Sound and Vibration by H.P Wallin [8]. The 
basic working princle of motors and the PWM techniques used for variable speeds were reffered 
from the refference[5]. The help manual of Altair Hyperworks were reffered for the understanding of 
FE modal and frequency analysis procedures. The help manual of ESI VA1 was reffered for the basic 
understanding of the analysis procedures of boundary element method.   
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Chapter-2  

2 Theoretical Background 

2.1 Introduction 
The EM noise emission from a Traction motor is a multi-physics problem, so different theories from 
different disciplines were used, starting from the input current to the motor and ending at the 
human ear as pressure waves as shown in Figure 11 

 

Figure 11 Magnetic-Mechanical-Acoustic System. 

𝑖𝑎 , 𝑖𝑏 𝑎𝑛𝑑 𝑖𝑐 represents the input currents with harmonics to the motor. These currents interact with 
the fundamental field producing high frequency forces with low amplitude acting on the inner stator 
surface. As a result the mechanical system is excited in the same frequency range and starts vibrating 
resulting in a velocity pattern on the surface of stator frame. The flexural waves on the surface of 
motor interact with the surrounding air resulting in audible sound. 

The motor assembly represents the mechanical system with distributed mass, stiffness, and 
damping. As a result, for a given electromagnetic excitation it will vibrate. The model that can be 
used for such a system is lumped parameter model with N degrees of freedom. The governing matrix 
equation can be represented as: 

[𝑀]{�̈�} + [𝑑]{�̇�} + [𝐾]{𝑞} = {𝐹(𝑡)}                                                                       (1) 

where {𝑞} is an (N,1) vector describing the displacement in N dofs, {𝐹(𝑡)} is the force vector applied 
to the dofs, [M] is the mass vector, [d] is the damping matrix and [K] is the stiffness matrix. The 
equation (1) is solved using Finite element method. Also, modal summation method was used to 
reduce the degree of freedom of the equation and thus saving solution time. 

The air around the motor represents the acoustic system. The flexural wave on the motor surface 
results in displacement (𝑞𝑛) normal to the surface of the motor producing acoustic radiation. In the 
acoustic system, the moment equation is used to relate the air particle velocity and pressure: 
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𝜌0
𝜕𝑞�⃗
𝜕𝑡

+ 𝛻𝑝 = 0                                                                                                                (2) 

At the interface between mechanical and acoustic system, the normal velocity at a point on the 
mechanical surface is equal to the acoustic particle velocity. Therefore the moment equation at the 
interface can be written as: 

𝜌0
𝜕𝑞𝑛�����⃗
𝜕𝑡

+ 𝛻𝑝 = 0                                                                                                               (3) 

where the acoustic particle velocity normal to motor surface  �⃗�𝑛 is known. Boundary element method 
(BEM) was used to calculate the acoustic pressure p in frequency domain around the motor. 

2.2 Modal Method 

2.2.1 Introduction 
As mentioned earlier, to solve equation (1), modal method was used in the FE method instead of 
direct method. The modal method reduces the degree of freedom of the equations to be solved by FE 
method and thus reduces the solution time, which is an advantage over direct method. This section 
briefs the theoretical background of modal method used both in FE and EMA, to study the dynamic 
characteristics of the motor. The dynamic characterization of traction motor includes the evaluation 
of eigen frequency, eigen mode and frequency dependent loss factor. Frequency dependent loss 
factor can be evaluated only by experiment. The results of FE modal and point force response 
analysis were validated with the EMA results. Depending on the validation, decision was taken 
whether to fine tune the FE model or not.  

2.2.2 Principle of Modal Analysis [7] 
The lightly damped structures are typically analyzed with modal method. The ability to think about 
vibrating system in terms of modal properties is a very powerful technique in both performing 
analysis and in understanding test data. The physics behind the modal analysis is to reconstruct the 
overall response of the system as a superposition of the responses of the different modes of the 
system. In frequency response analysis, the modal method allows one to replace the n-coupled 
differential equations with n-uncoupled equations, where each uncoupled equation represents the 
motion of the system for that mode of vibration. So in modal method it is a requirement to calculate 
the Eigen frequency, Eigen mode and frequency dependent loss factor. The general principle of 
modal analysis is explained below:  

a. Frequency response function (FRF) 

 The general equation of motion in frequency domain for any discrete non-dissipative structure is 
expressed in matrix form as: 

{[𝐾] −𝜔2 [𝑀]}[𝑞] = [𝐹]                         (4) 

[𝐷(𝜔)][𝑞(𝜔)] = [𝐹(𝜔)]                                      (5) 

[𝐻(𝜔)] = [𝑅(𝜔)] = 𝑞(𝜔)
𝐹(𝜔)

                            (6) 

In EMA, we measure the 𝑅(𝜔) at each measurement points on the motor.  
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b. Eigen Value problem 

From experience we know that the vibration modes are excited at resonance frequency very easily 
provided damping of the structure is low.  Thus, the equation of motion is solved for zero force, 
solution of which is obviously easily excited modes. 

𝑀𝑥 ̈ + 𝐾𝑥 = 0                                                                                     (7) 

Experience also tells that resonant vibrations are characterized by resonance frequencies and certain 
vibration patterns similar to standing waves. Standing wave patterns can be mathematically 
separated into time dependent sinusoidal factor and a spatially dependent factor. Thus the solution 
can be represented in the following form 

𝑥 = 𝑥 �𝑒𝑖𝜔𝑡                                                                                           (8) 

Thus, in frequency domain the equation can be represented as: 

(−𝑀𝜔2 + 𝐾)𝑥� = 0                                                                             (9)                  

This is a Eigen value problem which has a non-trivial solution only for Eigen values 𝜔2 such that 

det(−𝑀𝜔2 + 𝐾) = 0                                                                            (10) 

For a system of N degrees of freedom, N Eigen solution or Mode shape vector and N Eigen 
frequencies are obtained. For each Eigen frequency, the mode shape vector represents the 
deformation pattern of the structure. 

(−𝑀𝜔𝑛2 + 𝐾)𝜓𝑛 = 0,    𝑛 = 1,2,3,4, … … … . .𝑁 

c. Relating FRF and Vibration modes through equation of motion 

According to linear algebra a matrix with Eigen vectors as column which is called mode shape matrix 
can diagonalize a system matrix by the principle of orthogonality. Thus any forced vibration 
displacements can be expressed in terms of mode shape matrix by coordinate transformation from 
physical coordinate x to modal coordinate𝜉.  

𝑥� = 𝜓𝜉                                                                                                (11) 

𝜓 is mode Shape matrix and 𝜉 is mode amplitude vector. 

Expressing the forced vibration equation in terms of mode shape matrix and mode amplitude vector, 
we get 

(−𝜔2𝑀 + 𝐾).𝜓. 𝜉 = 𝐹�                                                                                  (12) 

Utilizing the orthogonality principle 

𝜓𝑇 . (−𝜔2𝑀 + 𝐾).𝜓. 𝜉 = 𝜓𝑇 .𝐹�                                                         (13) 

(−𝜔2𝜓𝑇𝑀𝜓 + 𝜓𝑇𝐾𝜓). 𝜉 = 𝑞� 
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(−𝜔2𝜇 + 𝜅). 𝜉 = 𝑞�                                                                               (14) 

𝜇 = �
𝜇1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝜇𝑁

� = 𝑀𝑜𝑑𝑎𝑙 𝑀𝑎𝑠𝑠 𝑑𝑖𝑎𝑔𝑜𝑛𝑎𝑙 𝑀𝑎𝑡𝑟𝑖𝑥 

𝜅 = �
𝜅1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝜅𝑁

�  = 𝑀𝑜𝑑𝑎𝑙 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 𝑑𝑖𝑎𝑔𝑜𝑛𝑎𝑙 𝑀𝑎𝑡𝑟𝑖𝑥  

𝑞� = 𝑚𝑜𝑑𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 𝑣𝑒𝑐𝑡𝑜𝑟 

�−𝜔2 �
𝜇1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝜇𝑁

�+ �
𝜅1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝜅𝑁

� � . 𝜉 = 𝑞�                                                          (15) 

Thus, coordinate transformation from physical coordinate to modal coordinate transforms the 
coupled N-degree-of-freedom system to a set of N uncoupled single-degree-of-freedom systems. 
However the Eigen values remain invariant. 

On transforming coordinate system from modal to physical, we get a relation between transfer 
function H and modal parameters. 

𝑥� = 𝜓𝜉 = 𝜓. (−𝜔2𝜇 + 𝜅)−1.𝜓𝑇 .𝐹�                                                                             (16) 

𝑥�
𝐹�

= 𝐻 = 𝜓. (−𝜔2𝜇 + 𝜅)−1                                                                                            (17) 

𝐻 = �
ℎ11 ⋯ ℎ1𝑁
⋮ ⋱ ⋮

ℎ𝑁1 ⋯ ℎ𝑁𝑁
� = 𝜓. �

⋱ 0 0
0 1/𝜇𝑛

𝜔𝑛
2−𝜔2 0

0 0 ⋱
� .𝜓𝑇                                                        (18) 

One element of transfer function matrix can be expressed as 

ℎ𝑝𝑞 = ∑ ( 1
𝜇𝑛

.𝜓𝑝𝑛𝜓𝑞𝑛
𝜔𝑛
2−𝜔2 )𝑁

𝑛=1 = �𝜙𝑝𝑛 = 𝜓𝑝𝑛
�𝜇𝑛

;𝜙𝑞𝑛 = 𝜓𝑞𝑛
�𝜇𝑛

� = ∑ 𝜙𝑝𝑛𝜙𝑞𝑛
𝜔𝑛
2−𝜔2

𝑁
𝑛=1                                  (19) 

For systems with losses, 

ℎ𝑝𝑞 = ∑ 𝜙𝑝𝑛𝜙𝑞𝑛
(1+𝑖𝜂𝑛).𝜔𝑛

2−𝜔2
𝑁
𝑛=1                                                                                                              (20) 

Where 𝜂𝑛 is the modal loss factor, which is an important input to the Finite Element Analysis. 

where 𝜙𝑝𝑛 is element p of the nth mass normalized mode shape vector 𝜙𝑛 satisfying, 

𝜙𝑛𝑇𝑀𝜙𝑛 = 1 

In EMA we measure the FRFs and as a part of modal analysis we numerically determine the mode 
parameter values 𝜙𝑝𝑛, 𝜔𝑛 and 𝜂𝑛 so that FRFs are approximated as closely as possible. On the other 
hand, in FE modal analysis we calculate Eigen frequency and Eigen modes first and evaluate FRFs 
using modal superposition. Also, the FE eigen value, eigen frequency and point  FRF (accelerance in 
this thesis) were validated with the EMA results. 
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Chapter-3 

3 Numerical Modelling 
 

3.1 Motor under study 
The input provided was 3-D Computer Aided Design (CAD) model of the traction motor assembly as 
shown in Figure 12. The component and assembly details are provided below. 

 

Figure 12  Complete Assembly  

  The traction motor assembly consists of three sub-assemblies as shown in Figure 13. The Figure 14 
shows the assembly details. 

 

Figure 13     1) Rotor Assembly     2) Stator Laminate Assembly     3) Stator Frame with front and rear covers. 

 

Figure 14 Assembly 

1 2 3 
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3.2 Assumptions 
• Linear Isotropic material property was assumed. For example, anisotropic behaviour of stator 

lamination was not accounted for. 
• The internal stress developed in motor components during manufacturing and assembly 

process was not accounted for. 
• The thermal stress developed in the motor component during operation was not accounted 

in the stiffness matrix of finite element analysis. 
• Motor was assumed to be linear time invariant system. 
• The vibration velocity on stator frame due the electromagnetic force acting on rotor is 

assumed to be negligible. 
• The effect of eccentricity on electromagnetic force is not accounted for. 

3.3 Material Properties 
Material E  [MPa] 𝝂 𝝆 [𝒕𝒐𝒏/𝒎𝒎𝟑] Components Applied 

 
Ductile Cast Iron 

 
1.6 e5 0.275 7.1e-9 Stator frame, Front and Rear cover. 

  
Steel 

 
2e5 0.3 7.9e-9 Stator Laminates 

Table 1 

3.4 Modelling Tools 
• Workstation Configuration 

- Operating system: Microsoft Windows XP Professional x64 Edition Version 2003 Service 
Pack 2 

- Processor: 3.33 GHz Intel(R) Xeon(R)  X5680 (12 cores) 
- Memory: 24 GB of RAM 

 
• Flux software from Cedrat was used by my supervisor Florence Meier from Propulsion and 

Controls (PPC) department for the calculation of electromagnetic force. 
 

•  Hyperwork®10 from Altair Engineering Inc. 
- Hypermesh was used to model the Finite Element model 
- Radioss solver was used to execute Modal Analysis and Frequency Response Analysis 

 
• Virtual Lab was used to execute Boundary element analysis (Support from Bombardier, 

Hennigsdorf). 

 

 



Master Thesis: Electromagnetic Noise from Permanent Magnet Motors 

May 27, 2013 
 

33 
 

3.5 Finite Element Modeling (Pre-Processing) 

3.5.1 Motor Components Considered for Finite Element Modeling  
For reduced solution time we tried to simplify the FE model wherever possible keeping in mind that it 
should not significantly affect the response on stator frame. For the same reason, modeling of many 
components like nuts, bolts, electric wiring, electric unit etc… was neglected, although their mass 
were accounted for either by modeling point mass element at the local center of gravity or by tuning 
the density of the component on which they are mounted. It was also made sure that the global 
center of gravity of the FE model was at the correct location. The following components were 
considered in the FE modeling of the traction motor: 

Component Geometry Mass Stiffness 
 

Stator Frame 

 
Included. 

Density was 
defined in the 
material property 
card. 

Young's Modulus 
was defined in the 
material property 
card. 
 

Electric unit with 
wiring supported 

on the stator 
frame. 

 
Not included. 

Density of stator 
frame was 
adjusted to 
compensate the 
mass of electric 
unit and wirings. 

Not included, as it 
does not 
contribute much 
to the global 
stiffness and thus 
does not affect 
the flexural waves 
on the outer 
frames and covers 
which radiate 
sound. 
 

Stator Laminate 

 
Included 

 

Density was 
defined 
in the material 
property card. 
 
 

Young's Modulus 
was defined in the 
material property 
card. 
 

Stator electric 
windings 

 
 

Not included. 

Density of stator 
laminate was 
adjusted to 
compensate its 
mass. 

Not included, as it 
does not 
contribute much 
to the global 
stiffness and thus 
does not affect 
the flexural waves 
on the outer 
frames and covers 
which radiate 
sound. 
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Stator-frame rear 
cover 

 
Included 

Density was 
defined 
in the material 
property card. 

Young's Modulus 
was defined in the 
material property 
card. 
 

Stator frame front 
cover 

 
Included 

Density was 
defined 
in the material 
property card. 

Young's Modulus 
was defined in the 
material property 
card. 
 

Rear sheet metal 
cover 

 
Included 

Density was 
defined in the 
material property 
card. 

Young's Modulus 
was defined in the 
material property 
card. 
 

Rotor assembly 

 
Not included. 

Mass element was 
maintained at the 
center of gravity of 
rotor as point mass 

Not included, as it 
does not 
contribute much 
to the flexural 
waves on the 
outer frames and 
covers which 
radiate sound. 

Table 2 

 

3.5.2 Element Type and Degrees of freedom (DOF) per component 
In the finite element model, seven types of elements were used: 

• 3-D Isoparametric Tetrahedral element. 
• 3-D Isoparametric Hexahedral element. 
• Four node 2-D Isoparametric quadrilateral element. 
• Point Mass elements 
• 1-D RBE2 or Rigid elements (Equations ) 
• 1-D RBE3 elements (Equations) 
• 1-D Spring elements 

The element size criteria used to mesh major components is given in Appendix 9.2.1 
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Component Geometry Finite Element 
 Model 

Element Type Degrees of 
freedom (DOF) 

 
Stator 
Frame 

  

3-D 
Isoparametric 
Tetrahedral 
element. 

 

Nodes: 45479 
Elements:159018 
3 DOF/node. 
DOF:477054 

Stator 
Laminate 

 
  

3-D 
Isoparametric 
Hexahedral 
element. 

 

Nodes: 59080 
Elements:39440 
3 DOF/node 
DOF:177240 

Stator-frame 
rear cover 

 
  

3-D 
Isoparametric 
Tetrahedral 
element. 

 

Nodes: 3879 
Elements:11446 
3 DOF/node 
DOF:11637 

Stator frame 
front cover 

 
 

 

3-D 
Isoparametric 
Tetrahedral 
element. 

 

Nodes: 3734 
Elements:11119 
3 DOF/node 
DOF:11202 

Rear sheet 
metal cover 

 
  

Four node 2-D 
Isoparametic 
quadrilateral 
element. 

 

Nodes: 2521 
Elements:2449 
6 DOF/node 
DOF:15126 

Rotor 
assembly 

 
 

Point mass 
element. 
 
 

Mass 
element. 
 
 
 

Nodes: 1 
Elements:1 
6 DOF/node 
DOF:6 

Rubber 
Mounting 

 1-D Spring Element Spring 
element 

Nodes: 2 
Elements:1 
1 DOF/node 
DOF:2 

Body Force 
application   

 

 

1-D RBE3 
element 

No DOF, since it 
is an equation. 

Table 3 
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3.5.3 Finite Element Model 

 

Figure 15 Finite Element Model 

Number of Nodes: 109849                                                         Mass: 650 [Kg] 

Number of Elements: 222664 

3.6 Finite Element Modal Analysis 

3.6.1 Introduction 
This chapter is mainly focused on how dynamic characteristics of the traction motor was calculated 
using the FE method. This characterization includes the evaluation of eigen mode and eigen-
frequencies of motor. The boundary conditions and modeling of mounting were done appropriately 
to simulate the ‘’Experimental Modal Analysis (EMA)’’ measurement set up, (see section 4.1.2.1). 

3.6.2 Modeling of Mounting 
When the EMA was conducted, the motor was placed on rubber elements as shown in Figure 16. To 
simulate the conditions of the measurement set-up, the rubber mount was modeled using a spring 
element. The stiffness of the spring element was calculated in the following way: 

i. Before the EMA measurement the traction motor was slightly pushed in the lateral direction 
as shown in Figure 16 to oscillate freely and we observed that it was oscillating with a natural 
frequency of around 2 Hz. 
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Figure 16 Mounting Stiffness calculation 

ii. The stiffness of the spring combination was then calculated from a spring-mass system with a 
mass 650 [Kg] (mass of traction motor) with a fundamental frequency of 2 [Hz]. 

𝑓 =
1

2𝜋
�𝐾𝑒𝑞
𝑚

 

When inserting the numerical mass and frequency values we get 
𝐾𝑒𝑞 = 103 [𝑁/𝑚𝑚] 

iii. Since three parallel springs were used in the Finite element model, therefore a stiffness of 
around 34 [N/mm] was applied to each spring in lateral direction. The spring stiffness was 
assumed same in the vertical direction. 

3.6.3 Boundary conditions 
The free end of the spring elements in the FE model were constrained in all degrees of freedom to 
simulate the laboratory condition as shown in the Figure 17. 
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Figure 17 Boundary conditions for the motor 

The solution was performed using Altair’s Radioss® 10.0 solver which used Lancoz method. 

3.7 Unit force Finite element Frequency Response Analysis  

3.7.1 Introduction 
In this section we used the FE model to simulate the measured transfer functions of the EMA. In ’FRF 
measurement’ we excite point number 17 (Refer Section 3.7.3 Figure 18) and measure the transfer 
function for all 97 response points. In the frequency response analysis we apply a unit force at the 
same geometric location as applied during the test (point 17) and calculate the transfer functions. 
Thereafter, the calculated point accelerance was compared with measured point accelerance to 
validate the FE model (Refer 5.2 Figure 42). For the simulations, the boundary conditions were kept 
the same as during the tests. 

3.7.2 Principle 
Forced vibration response of the system was calculated based on the principle of modal 
superposition. The eigen frequency and eigen modes calculated in FE eigen value analysis were used 
to calculate the force response using the modal superposition method. At the same time, the 
frequency dependent loss factors measured during the EMA was also used in the FE model to define 
damping (Refer 5.2 Figure 41). 

 

3.7.3 Procedure 
The following Finite element procedures were followed: 

i. Nodes were assigned at the same 97 geometric response locations as those measured during 
the EMA. 
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Figure 18 Force and Response node locations 

ii. A unit force was applied at point number 17. 
iii. FE eigen modes and eigen vectors calculated were given as input to FE model so that they 

can be used for modal superposition. 
iv. Frequency dependent loss factor calculated during EMA was given as input to FE model to 

define the damping. [Refer Figure 40] 
v. Boundary conditions were kept same as FE Modal Analysis (Refer 3.6.3). 

vi. The solution was performed using Altair’s Radioss® 10.0 solver which performed Force 
Frequency Response Analysis using Modal Superposition method. 

3.8 Electromagnetic Force calculation  
We were interested in the vibration response up to 3000 [Hz]. The corresponding sampling time was 
calculated [Appendix 9.3.1a) ] and was given to Propulsion and Controls (PPC) department for the 
calculation of EM force. The EM forces were computed from a 2D finite-element transient magnetic 
simulation. The software used for simulation was Flux from Cedrat. The stator winding was supplied 
with three voltage sources. The voltage amplitude, frequency and harmonic content can be setup as 
requested. The rotor was rotated at a constant speed corresponding to the frequency of the supplied 
voltage. Figure 19 shows the magnetic flux lines calculated during a transient magnetic simulation on 
an example motor. The flux is generated by the permanent magnet and the current from the stator 
windings. 

 
Figure 19 Magnetic flux lines at load conditions 

Point 17 



Master Thesis: Electromagnetic Noise from Permanent Magnet Motors 

May 27, 2013 
 

40 
 

The magnetic force was calculated during the post-processing using a method based on the Maxwell 
stress tensor. The Figure 20 shows an example of the calculated magnetic pressure on the stator 
teeth at 2 different rotor positions. The computation of the magnetic force exerted on a tooth is then 
obtained by integrating the magnetic pressure exerted on the boundary between the tooth and the 
neighboring regions. The magnetic force depends on the loading of the motor and the switching 
pattern used in the applied voltage. It depends also on the rotor position and saturation in the 
magnetic circuit which is taken into account in the computation. The rotor is assumed to be 
cylindrical, i.e. there is no eccentricity assumed.  
 

                      
 
                                            

 
Figure 20 Magnetic Pressure on the stator teeth at two different rotor positions. 

EM force was calculated for one pole of the motor for one complete mechanical cycle of the 
rotor. Only one pole is simulated due to the symmetries in the motor. This allows reducing 
the computation time of the electro-magnetic simulation. One pole of motor contains k teeth 
and its corresponding yoke section depending on the design. The schematic diagram of 4 
pole (k=12) and 8 pole (k=6) motors are shown in Figure 21 and Figure 22 respectively. The 
net output that was needed for further mechanical calculation was EM force acting on tooth 
and yoke of a single pole. Thus, the EM force magnitude𝑓(𝑡), its direction𝜃, its x-component 
𝑓𝑥(𝑡) and its y component 𝑓𝑦(𝑡) acting on one pole of the stator laminate was calculated. 
The force on complete stator at one instant of time is shown in Figure 23. 
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Figure 21 Stator of motor with 4 poles 

 

 

Figure 22 Stator of motor with 8 poles 

 

 

 

Figure 23  The 2-D view of force wave acting on the stator (left: 4-pole motor, right: 6-pole motor) . 
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In FE analysis it is convenient to apply forces in terms of x and y components rather than applying 
force magnitude and direction. The fast Fourier transform was applied to calculate the force in 
frequency domain. The forces acting on teeth and yoke of one pole are shown in Figure 24. Details 
about the signal analysis from time domain to frequency domain are given in the Appendix 9.3.1. 

 

Figure 24 Frequency content of force component calculated for one pole. 

There are (n-1) other poles where the direction of forces changes while its magnitude and 
frequency content remains the same.  The pattern of force distribution on stator tooth is 
shown in Figure 25 with simple diagrammatic representation. So we can replicate the 
calculated forces 𝑓𝑥(𝜔)𝑎𝑛𝑑 𝑓𝑦(𝜔)  for one pole to other poles by applying proper directions 
which was taken care in FE model with proper coordinate system (Refer Appendix Figure 61).  

 

Figure 25 Diagrammatic representation of Stator force distribution. a) 4 pole motor b) 8-pole motor 
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3.9 Frequency Response Analysis for electromagnetic forces 
Once the FE model was validated by matching the results (Eigen frequency, Eigen mode and 
point accelerance) with those of the EMA, the electromagnetic force frequency response 
analysis was performed. To simulate the physical behavior of the motor, the mounting 
location of the motor was constrained in all degrees of freedom as shown in Figure 26. The 
modal superposition was used and the procedure followed is same as that of frequency 
response analysis with unit force explained in section 3.7. The difference is that instead of 
applying a unit force, calculated electromagnetic forces were applied on the teeth and yoke 
of the stator as body forces. The main challenge in this part was the application of EM force 
in FE model. More details about the force application can be found in [Appendix 9.4]. The 
vibration velocity was calculated on every node on the surface of motor to determine the 
acoustic radiation. 

 

Figure 26 Boundary Condition 

3.10 Acoustics pressure calculation using boundary element method. 
The boundary integral equation is a classical tool for the analysis of boundary value problems (like 
acoustics) which involves partial differential equations. The term BEM refers to any method for the 
approximate numerical solution of this boundary integral equations. The approximate solution of the 
boundary value problem obtained by BEM is an exact solution of the differential equation in the 
domain and is parameterised by a finite set of parameters on the boundary (velocity in this thesis). 

For BEM analysis, Vitual Lab software was used. As  preliminary step, this software was used to 
analyse the mesh density of the model to check whether it can capture the acoustic waves of 
frequency up to 3000 Hz. Accordingly the mesh density were modified (both refining and coarsening) 
and all the areas on the motor that don’t contribute to the acoustic radiation were removed. The net 
modifications performed on FE model to get BE model is shown in Figure 27. This change results in 
the mismatch of node locations between FE and BE model. Therefore, the vibration velocities 
calculated on the outer surface of the stator using FEM were mapped on to the BE model. The 
velocities were mapped exactly for coincidence nodes and were averaged for non-coincidence nodes. 
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Figure 27 The FE and BE model to show the modifications made  

The A-weighted sound pressure and sound power in narrow band were calculated on a node array 
created on a sphere of radius 7.5m around the BE model of motor as shown in Figure 28 . This node 
array also includes sound pressure/power measurement locations performed for FE-measurement 
validation. 

 

 

Figure 28 Node array on 7.5m radius sphere for sound pressure/power calculation in BE calculation 
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Chapter-4 

4 Measurements for FE Method Validation 
To validate the FE model, the following measurements were conducted: 

1. Experimental modal Analysis was performed to validate the FE Modal model. 
2. Vibration measurement on running motor under laboratory conditions. This was performed 

to validate the FE vibration response calculated. 
3. Sound pressure and power level measurements on running motor under laboratory 

conditions. This was performed to validate the sound pressure and power level calculated 
using BEM. 

4.1 Experimental Modal Analysis (Student Project for course SD2150) 

4.1.1 Introduction  
To investigate the vibration behavior of the traction motor and to validate the FE model, following 
measurement techniques were used: 

1. Frequency Response Function Measurement. 
2. Modal Analysis. (Post Processing) 

Frequency response Function (FRF) method involves measurement of frequency dependent transfer 
functions ( Receptance /Mobility/Accelerence) investigating system properties. On the other hand 
Modal Analysis deals with the modal parameter extraction by numerically fitting a mathematical 
Model to the measured FRF. The measurement was conducted by the students of the course 
‘Experimental Structure Dynamics (SD2150)’ at Royal Institute of Technology, Stockholm, under the 
supervision of Professor Dr. Ulf Carlsson. Four different groups had performed independent 
measurements, whose results were used to validate the FE-model. Figure 29 shows a very general 
principle of experimental modal analysis. 
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Figure 29 Principle of Experimental Modal analysis 

4.1.2 Procedure 
First, one column of the Frequency Response Function matrix H(ω) was measured which was used as 
input to the Modal Analysis. The following procedures were followed: 

4.1.2.1 Measurement setup 
The experiment was conducted at the Marcus Wallenberg Laboratory, Royal Institute of Technology 
(KTH), Stockholm. The measurement set-up consisted of four parts: 

• The traction motor. Measurement points were marked as shown in Figure 30. 

 

Figure 30 Measurement points 

• Impact Hammer with Nylon tip for excitation. 
• Force transducer. 
• 7 accelerometers for response measurement 
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Table 4 Instruments used 

 

Figure 31 Circuit diagram for one measurement session 

97 measurement points were marked on the traction motor. These points were almost evenly 
distributed about the axis of the motor. The structure borne noise is a major consequence of bending 
waves in the structure. Therefore we were mainly interested in the displacements perpendicular to 
the surface of the stator frame, front cover, rear cover and rear sheet metal cover. Thus we were 
interested in only one degree of freedom at each point and 97 degrees of freedom for the entire 
structure. In this measurement we chose to excite at a single fixed point and measure response at all 
97 points. 

                  An impact hammer was used for excitation as it is faster than the shaker alternative and 
needs no extra installations. To ensure that enough energy is supplied into the structure in the 
frequency range of interest a Nylon tip was used.  
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4.1.2.2 Supporting the Structure 
To make sure that the response analysis of the traction motor was not disturbed by the rigid 
body modes, the traction motor was mounted on a plywood base with a layer of rubber 
below traction motor feet as shown in Figure 32.  

 

Figure 32  Elastic Mounting 

4.1.2.3 Calibration  
After setting the amplification factor for all channels, we need to calibrate the signals. 
Calibration was performed using a freely supported cylindrical steel rod of 1375 [g]. The 
accelerometer was glued to one of the bases of the cylinder and the other base was excited 
using impact hammer in the axis direction. The cylindrical geometry of the steel rod ensures 
that motion in only one degree of freedom is excited. 
According to Newton’s second law of motion we have 

𝐹 = 𝑚 ∗ 𝑎 

By dividing the exciting force with the acceleration we have the accelerance 𝑎(𝜔)
𝐹(𝜔)

. 

Then one must get  𝑎
𝐹

= 1
𝑚

 . But in most cases we need a calibration factor to equalize both 

sides. We then have: 

𝐶 ∗
𝑎
𝐹

=
1
𝑚

 

where we have introduced the system calibration factor, 

𝐶 =
𝐹

𝑚 ∗ 𝑎
 

 
This calibration factor includes the sensitivities of all transducers as well as the amplification 
factor of all channels and was used to compute the real accelerance function of each point of 
the traction motor.  

4.1.2.4 Data Acquisition 
The structure acceleration signal was measured at a single point using an impact hammer 
while the exciting force was measured at 97 points. The impact hammer has a force 
transducer on its tip which measured the force signal f(t). For each measurement session, 
seven transfer functions were measured. The time window applied had a length of 30 
seconds. For each point the structure was hit 6 times in 30 seconds. A relaxation period of 5 
seconds was given between each hit in order to damp out the vibration completely before 
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the next hit. The accelerometers were glued at seven measurement points to measure the 
response signal, for each measurement session. The excitation point was maintained 
constant for every measurement session while the accelerometers were glued to seven new 
measurement locations still response signal at all 97 measurement points were processed . 
With the help of special acquisition software provided by the MWL, the force f(t) and 
response signal were recorded. Then Fast Fourier Transformation and averaging were 
performed to get the Frequency Response Function (FRF). 
                       The transfer function measured was accelerance, which is defined as the ratio of 
acceleration at response point i over force at input point j as a function of frequency. The 
transfer function ℎ𝑖𝑗  is given by: 

ℎ𝑖𝑗(𝜔) = 𝑎�𝑖(𝜔)
�̂�𝑗(𝜔)

  

This can also be represented in a vector form: 
𝑎� = 𝐻. 𝑓 

Where H is the transfer matrix (or accelerance matrix). In our system, the order of the 
transfer matrix is 97x97. However, for modal analysis we need only one row or column of the 
transfer matrix. The students measured acceleration at 97 points and excited the system at a 
single fixed point which yields a single row transfer matrix as 

�
𝑎1
⋮
𝑎97

� = �
ℎ1,17 
⋮

   ℎ97,17

� [𝑓17] 

To evaluate the quality of measurements the coherence function was plotted for each point. 
This gave a very good indication on how much the response is correlated to the input at 
certain frequencies. A coherence of around unity is preferable but is generally significantly 
lower for anti-resonances (node locations). Also, the coherence tends to move away from 
unity if the measured response consists of uncorrelated noise (low signal to noise ratio). The 
coherence plot of point number 6 when structure was excited at point 17 is shown below. 

 

                                 Figure 33 Plot of coherence at point 6 

4.1.2.5 Experimental Modal Analysis Results 
This section deals with the method used to extract the dynamic properties of the traction 
motor from the measured single column of transfer function. This task was performed using 
the ComIEst Matlab code package which was based on complex exponential method, 
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provided by the MWL. The Eigen modes, Eigen frequencies and loss factors were the output 
from this measurement and are presented in chapter 5.  

4.2 Vibration Response Measurement. 
This section deals with the measurement of vibration on the running motor under laboratory 
conditions, whose results were used to validate the corresponding results from the FE analysis. The 
motor under study was first coupled to another motor so that it can be subjected to different loads 
at different speeds, which is shown in Figure 34 

 

Figure 34 Set up to load the motor 

Accelerometers were mounted with compound glue on four locations on the motor surface to 
measure the vibration velocity as shown in the Figure 35 

 

Figure 35 Vibration response measurement set up. 
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4.3 Sound pressure Measurement. 
This section deals with the measurement of sound pressure levels at microphone positions around a 
running motor under laboratory conditions. The measured levels were used to validate the 
corresponding results from the BE analysis. The motor was operated under different loads and 
speeds during the measurement using the same set-up as shown in Figure 34. For better acoustic 
environment, an acoustic resilient chamber was built around the motor as shown in Figure 36, so 
that the measurement results are not disturbed by the background noise especially from the motor 
used for loading and from the converter.  

 

Figure 36 Sound Measurement set up 

Sound pressure was measured at two locations using microphone (1 and 2) at a radius of 1[m] from 
the center of the motor as shown in Figure 37 

 

Figure 37 Microphone 1 and 2 to measure sound pressure (FE model is shown only for reference) 

Sound intensity measurements were conducted at 11 locations at a radius of 1m from the centre of 
the motor as shown in Figure 38, using an intensity probe. This measurement was conducted to 
study the directivity of sound from the motor. 



Master Thesis: Electromagnetic Noise from Permanent Magnet Motors 

May 27, 2013 
 

53 
 

 

Figure 38 Intensity Probe locations during measurement  
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Chapter-4 

5 Results 

5.1 Finite Element and Experimental Modal Analysis Results 
The FE eigen value calculation resulted in 394 modes from 0 to 6000 Hz. The first 6 modes are rigid 
body modes and next 10 modes appear on the rear sheet metal cover. The first physical mode (mode 
number 17) on the stator frame appears at around 508 [Hz]. Some examples of eigen modes are 
presented in Appendix 9.5.1. Two FE eigen modes of order two and order three which match with 
experimental results are shown in Figure 39 and Figure 40 respectively. The relative error in FE and 
EMA eigen frequencies are within 5%. The best ones are shown in Table 5. 

 

Figure 39 FEA and experimental modes at 618 Hz and 636 Hz respectively 

 

 

Figure 40 FEA and experimental mode at 1200 and 1191 Hx respectively 
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Table 5 

Mode Number Frequency FEM [Hz] Frequency Experiment[Hz] Relative Error [%] 
18 508 503 0.99 
23 618 636 2.83 
35 925 912 1.42 
51 1227 1191 3.02 
88 1732 1732 0 

113 2116 2125 0.42 

5.2 Validation of FE point accelerance with EMA point accelerance 
One of the important results from experimental modal analysis was the loss factor. The modal loss 
factor estimated as a function of frequency is plotted in Figure 41. An exponential fit was calculated 
based on the experimental data and the resulting curve was used in the FE point force and EM force 
frequency response analysis. 

 

Figure 41 Measured loss factor as a function of frequency. 

FE and experimental point accelerance (at point number 17 Refer Figure 18) is compared in Figure 
42.  
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Figure 42 Experimental and FE point accelerance comparison 

Above 500[Hz] the FE point accelerance matches fairly good with the EMA results. FE point 
accelerance follows same trend as measurement point accelerance. From the plot following 
conclusions can be made: 

1. Below 500[Hz], FE results don’t match with the measurement results. This is due to the 
presence of only few modes below 500[Hz].  

2. FE results are slightly shifted in frequency. This may be due to the assumption of non- 
existence of internal stresses (Refer 3.2).  

3. FE results show slightly higher amplitude than measurement results. This may be due to the 
presence of high modal density in FE model especially in higher frequencies. Another reason 
may be the exponential damping used in the FE model. 

5.3 FE Vibration level validation with measurement data 
Vibration level at four locations on motor (Refer Figure 35 for accelerometer position) were 
measured at different running conditions using FE method. Electromagnetic frequency response 
analysis was performed to calculate the velocity at the same locations as measurement. Validation of 
FE results with measurement results for different running conditions are shown below: 
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5.3.1 Motor running at 1000 rpm and loaded with half the nominal load 

5.3.1.1 Accelerometer position 1 
 

 

Figure 43 Accelerometer position 1 

 

Figure 44 Power spectral density calculated and measured  

 

Figure 45 Velocity level calculated and measured in third octave band 
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The calculated total A-weighted velocity level summed over frequency up to 2500 Hz is 123 dB(A) 
and for the measurement it is 111 dB(A). 

5.3.2 Motor running at 1000 rpm and loaded with full load 

5.3.2.1 Accelerometer position 1 
 

 

Figure 46 Accelerometer position 1 

 

Figure 47 Power spectral density calculated and measured  
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Figure 48 Velocity level calculated and measured in third octave band 

The calculated total A-weighted velocity level summed over frequency up to 2500 Hz is 128 dB(A) 
and for the measurement it is 115 dB(A). 

5.3.3 Motor running at 2500 rpm and half the nominal load [Nm] 

5.3.3.1 Accelerometer position 1 
 

 

Figure 49 Accelerometer position 1 
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Figure 50 Power spectral density calculated and measured  

 

Figure 51 Velocity level calculated and measured in third octave band 

The calculated total A-weighted velocity level summed over frequency up to 2500 Hz is 111 dB(A) 
and for the measurement it is 114 dB(A). 

 

Power Spectral density and velocity level at other accelerometer positions are presented in Appendix 
9.5.2 

The following conclusions can be made from the Figure 44,Figure 45, Figure 47,Figure 48,Figure 50 
and Figure 51: 

1.  FE PSD and measurement PSD matches fairly good in the trend. However, FE PSD shoots up 
in amplitude at around 1000[Hz] in Figure 44 and Figure 47. It has been observed that, near 
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1000[Hz], the EM force excites an FE Eigen mode when motor is running at 1000rpm, which 
may not be the case in reality. 

2. The velocity level [dB(A)], gives fairly good match above 500[Hz]. However, FE results are 
lower in amplitude than measurements. It has been observed that we miss many low 
amplitude calculated EM forces at higher frequencies which add to the total energy level. 

3. FE velocity level was compared only at four locations with measurement results. The spatial 
average of velocity level at all points on the motor outer surface which is responsible for 
acoustic radiation can lead to better results (Refer 5.4).  

 

5.4 Validation of BEM Sound pressure level with measurement data 
Sound pressure level measurements were conducted under laboratory conditions (Refer section 4.3). 
The sound pressure level was measured at two locations (1 and 2 as shown in the Figure 37), when 
motor was running at 1000 rpm with half the nominal load. The BEM results are validated with 
measurements in the following plots:  

5.4.1 Sound Pressure Level at Microphone Position 1 in third octave band 

 

Figure 52 BEM and Measurement, Sound pressure level at Microphone position 1 
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5.4.2 Sound Pressure Level at Microphone Position 2 in third octave band 

 

Figure 53 BEM and Measurement, Sound pressure level at Microphone position 2 

The following conclusions can be made from the Figure 51 and Figure 52: 

1.  BEM sound pressure level calculated in third octave band matches fairly well with the 
measurement data. As mentioned earlier, sound pressure level is the net result from the 
vibration velocities at all points on the surface of the motor. 

2. The presence of low number of Eigen modes below 500[Hz] also reflects on the amplitude of 
the sound pressure level. 

5.5 Validation of calculated A-weighted sound pressure level at a distance 
of 1m, with measurement 

5.5.1 Motor running at 1000 rpm and half the nominal load 
 

 

Figure 54 Validation of calculated and measured sound pressure level 
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The calculated and measured total sound pressure level summed over frequency and averaged over 
the hemispherical surface is 92.7 and 81.81 dB(A) respectively. The calculated sound pressure level 
over a hemispherical surface for the other operating speeds of the motor are mentioned in the 
appendix. 

 

5.6 Directivity of Sound Pressure using BEM 

5.6.1 Motor running at 1000 rpm and half the nominal load 

 

(a)                                            (b) 

Figure 55 (a) Plane at which directivity was calculated (b) Directivity of Sound Pressure Level in Octave band 

 

  (a)                                                       (b) 

Figure 56 (a) Plane at which directivity was calculated (b) Directivity of Sound pressure level in Octave band 
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Figure 57 (a) Plane at which directivity was calculated (b) Directivity of Sound pressure level in Octave band 
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Chapter 6 

6 Discussion and future studies 

6.1 Discussion 
• In FE modeling, the rotor is not modeled. Therefore, the local eigen modes of the rotor are 

not included in the force response analysis. The eigen modes of the rotor can influence the 
vibration velocity as well as sound pressure at the lower frequencies.  

• Point force and EM force frequency response analysis was performed using damping values 
got as a result of exponential fit on the measurement damping data. Different curve fits can 
be used to study the effect of the damping characteristics on the vibration response. The 
inclusion of rotor modes and correct damping curve fit values can lead to better results and 
fine tuning of the numerical model. 

• The EM force was applied at a single point and was distributed equally on each and every 
point on the tooth (Refer 9.4.8). Therefore, each and every point on the tooth experiences 
the same force. This procedure was adopted to make the model simple and flexible to 
perform the analysis iterations. The results in chapter 5 proves that this method of force 
application is good enough to get fairly good results. In actual case, the magnetic force at a 
position on the stator laminate (tooth+yoke) is inversely proportional to the radius. The 
study of effect of variable EM force along the radius of stator laminate on the vibration and 
acoustic response can be studied in future, if necessary. 

• The results in the chapter 5 shows that the methodology developed is fairly good enough to 
study the vibration and acoustic characteristics of the motor and to take appropriate 
Engineering judgments regarding motor geometry and PWM strategies.  

6.2 Future Studies 
• The influence of the rotor modes on the overall acoustic response can be taken as one of the 

future studies. 
• In Appendix 9.5.1, different orders of Eigen modes and the frequency range at which they 

dominate are presented. If the spatial frequency of any component of complex EM force in 
the air gap matches with the order of any Eigen mode of the stator frame, then the vibration 
response on the stator frame will be very high and such coincidence must be avoided for low 
vibration and acoustic levels from the motor. A study can be conducted to find out the 
spatial orders of the EM force and there frequencies around the air gap at different speeds 
and PWM strategies. 

• During the thesis, it has been found that the vibration response were highly sensitive to the 
motor dampers and the boundary conditions, which can be studied in detail in future to get 
closer to the exact solution. 
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7 Conclusion 
 

 Methodology has been developed to calculate the vibration level and the sound level 
radiated from the traction motor due to electromagnetic excitation. 

 FE Modal Model is validated with the Experimental Modal Analysis 

 Calculated vibration level matches fairly good with the measured vibration during lab 
testing. 

 Boundary Element Method was successfully applied to calculate the radiated sound 
and its directivity. 

 The model developed can be used to study the effect on sound and vibration 
characteristics of the motor as a function of any mechanical design changes, 
different PWM strategies and speed. 
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9 Appendices 
 

9.1 Appendix I – Reference values 
 

 The following reference values are assumed. 

Sound Power Level 𝑳𝑾 𝑾𝒓𝒆𝒇 = 𝟏𝟎−𝟏𝟐 [𝑾] 
𝟏𝟎𝒍𝒐𝒈

𝑾���
𝑾𝒓𝒆𝒇

 

Velocity Level 𝑳𝒗            𝑣𝑟𝑒𝑓 = 10−9[𝑚/𝑠]                   10𝑙𝑜𝑔 𝑣 �2

𝑣𝑟𝑒𝑓
2  

Force Level 𝑳𝒓𝒆𝒇            𝐹𝑟𝑒𝑓 = 10−6 [𝑁]                    10𝑙𝑜𝑔 𝐹�2

𝐹2𝑟𝑒𝑓
 

Table 6 

 

9.2 Appendix II-Some Theory Concepts 

9.2.1 Element Size criteria 
As an initial step of finite element modeling, each component of the traction motor assembly was 
meshed into nodes and elements. Being a dynamic problem, it was very important to capture the 
high frequency wave of interest ( 3000[Hz]). The sound radiation is mainly due to flexural waves 
generated in the component. Thus, as a thumb rule, a minimum of 7-12 elements were maintained 
per flexural wavelength to capture the flexural vibration. The following formula was used to calculate 
the wavelength of the flexural wave in each component. 

𝜆 = �
2𝜋
𝑓

    �
𝐸𝐼
𝜌𝑆

4
 

Where, 

E - Young’s modulus 

I - Area moment of inertia. 

f - Frequency [Hz] 

S - Area of cross Section of the Component 

𝜌 - Density 

𝑁𝑜: 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑎𝑙𝑜𝑛𝑔 𝑙𝑒𝑛𝑔𝑡ℎ, 𝑖𝑛 𝑎 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡

=
(𝑁𝑜: 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑝𝑒𝑟 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ) ∗ (𝑓𝑟𝑎𝑚𝑒 𝑙𝑒𝑛𝑔𝑡ℎ)

𝜆
 

𝑁𝑜: 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑎𝑙𝑜𝑛𝑔 𝑙𝑒𝑛𝑔𝑡ℎ, 𝑖𝑛 𝑎 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 =
7 ∗ (𝑓𝑟𝑎𝑚𝑒 𝑙𝑒𝑛𝑔𝑡ℎ)

𝜆
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For example, let us take the example of stator laminate: 

 

 

Figure 58 Stator laminate geometry 

The area of cross section and area moment of inertia of the stator laminate were calculated and is 
shown in figure below: 

 

    E =2e5[MPa]                                            I =8.14e8[𝑁𝑚𝑚4] 

f =3000[Hz]                                              S =49051.8 [𝑚𝑚2] 

                                        𝜌 =7.9e-9 [𝑡𝑜𝑛/𝑚𝑚3] 

𝜆 = �
2𝜋
𝑓

    �
𝐸𝐼
𝜌𝑆

4
= (𝐼𝑛𝑠𝑒𝑟𝑡𝑖𝑛𝑔 𝑣𝑎𝑙𝑢𝑒𝑠 ) = 1.17 [𝑚] = 1170[𝑚𝑚] 

𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑁𝑜: 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑎𝑙𝑜𝑛𝑔 𝑙𝑒𝑛𝑔𝑡ℎ, 𝑖𝑛 𝑎 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 =
7 ∗ 306[𝑚𝑚]

𝜆[𝑚𝑚]
≈ 2 

Only two elements are required to capture the flexural wave at 3000 Hz in stator laminate. Such a 
low number is due to its high stiffness. However, the stator laminate is meshed very fine because of 
two other major reasons. Firstly, the electromagnetic forces acts directly on the stator laminate. 
Secondly, it is in direct contact with stator frame and we are extremely interested in the acoustic 
radiation from stator frame. So we need to make sure the transfer of vibration from stator laminate 
to stator frame with less approximation. The same criteria were adopted to decide the minimum 
mesh density for all motor components.  

Similarly, the number of elements along circumference was calculated to capture the flexural waves 
around the circumference (Ring waves). 

9.2.2 Formulas 
• The vibration velocity calculated by the Radioss software is the peak velocity 𝑣�  

 at each frequency. The rms velocity is calculated by the following formula: 

𝑣� =
𝑣�
√2

 

• 𝑃𝑜𝑖𝑛𝑡 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑛𝑐𝑒 = 𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑎 𝑝𝑜𝑖𝑛𝑡
𝐹𝑜𝑟𝑐𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑠𝑎𝑚𝑒 𝑝𝑜𝑖𝑛𝑡
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9.3 Appendix III – Defining force from Time to Frequency domain 

9.3.1 Time to Frequency domain 
a) We were interested in the vibration response up to 𝑓𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡𝑒𝑑 = 3000 [𝐻𝑧]. According to 

Sampling Theorem formulated by Shannon ‘’ If a signal has no contribution for frequencies 
above W Hz, then all information in the signal is retained if it is sampled with a sampling 
frequency 𝑓𝑠 > 2 ∗𝑊’’. Therefore we selected a sampling frequency 

𝑓𝑠 = 𝑓𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡𝑒𝑑 ∗ 2.56 HZ=7680 [Hz].  
Therefore, the sampling time was calculated: 

𝑡𝑠 =
1
𝑓𝑠

 [𝑠] =
1

7680
= 1.3021𝑒 − 4 [𝑠] 

 
b) The sampling time calculated was used in the calculation electromagnetic force 𝑓(𝑡) on each 

tooth for one complete mechanical cycle of rotor. However, the signal lasted only for few 
milliseconds and can lead to poor frequency resolution. 

 

Figure 59 Electromagnetic force acting on a tooth for one period 

 
 In order to get a better frequency resolution of, the signal was repeated for 100 times. 

 

Figure 60 Repeated Signal for better frequency resolution 

c) Fast Fourier transform was performed on repeated signal to get its frequency content, force 
magnitude and phase. Since the signal was periodic, we did not use any windows. 

d) In FE analysis it is convenient to apply forces in terms of x and y components rather than 
applying force magnitude and direction. So all the steps from a to d were repeated for 𝑓𝑥(𝑡) 
and 𝑓𝑦(𝑡) for each tooth and yoke present in pole-1 of the stator. 
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9.4 Appendix IV-Application of  Electromagnetic force 
The biggest challenge in this thesis was to apply the electromagnetic forces in the FE model. 
A 4-pole motor can present 48 teeth and 4 Yoke sections. Therefore, in total 104 body forces 
considering both𝑓𝑥(𝜔) 𝑎𝑛𝑑 𝑓𝑦(𝜔). Each force has frequency dependent magnitude and 
phase from 0 to 3000 HZ with a resolution of 1 Hz. This makes total load data entry in FE  
model to around 624000, which was impossible manually. Therefore a script was written to 
automate the process for force application. The Script was written in Matlab to generate 
different input ASCII files for Altair’s Radioss solver. The following sub-sections explains the 
methodology of force application. 

9.4.1 𝑩(𝝎) and 𝜽(𝝎) for pole-1 
After the signal analysis of Electromagnetic force for pole-1 we get following matrices: 

  Force in x direction for Pole-1 [N] 𝐵𝑥(𝜔)       
Frequency[Hz] 𝐵𝑥 _𝑡𝑜𝑜𝑡ℎ1 𝐵𝑥 _𝑡𝑜𝑜𝑡ℎ2 𝐵𝑥 _𝑡𝑜𝑜𝑡ℎ3 𝐵𝑥 _𝑡𝑜𝑜𝑡ℎ4 𝐵𝑥 _𝑡𝑜𝑜𝑡ℎ5 𝐵𝑥 _𝑡𝑜𝑜𝑡ℎ6 𝐵𝑥 _𝑌𝑜𝑘𝑒 

                                                                                                                                                               
0               
1               
2               
:               

3000               
 

 

Phase of force in x direction for Pole-1 
𝜃𝑥(𝜔) [Degrees]       

Frequency[Hz] 𝜃𝑥_𝑡𝑜𝑜𝑡ℎ1 𝜃𝑥_𝑡𝑜𝑜𝑡ℎ2 𝜃𝑥_𝑡𝑜𝑜𝑡ℎ3 𝜃𝑥_𝑡𝑜𝑜𝑡ℎ4 𝜃𝑥_𝑡𝑜𝑜𝑡ℎ5 𝜃𝑥_𝑡𝑜𝑜𝑡ℎ6 𝜃𝑥_𝑌𝑜𝑘𝑒 
0               
1               
2               
:               

3000               
 

  
Force in y direction for Pole-1 [N] 

 𝐵𝑦(𝜔)       
Frequency[Hz] 𝐵𝑦 _𝑡𝑜𝑜𝑡ℎ1 𝐵𝑦 _𝑡𝑜𝑜𝑡ℎ2 𝐵𝑦 _𝑡𝑜𝑜𝑡ℎ3 𝐵𝑦_𝑡𝑜𝑜𝑡ℎ4 𝐵𝑦 _𝑡𝑜𝑜𝑡ℎ5 𝐵𝑦 _𝑡𝑜𝑜𝑡ℎ6 𝐵𝑦 _𝑌𝑜𝑘𝑒  

 
              

1               
2               
:               

3000               
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Phase of force in y direction for Pole-1 

 𝜃𝑦(𝜔) [Degrees]       
Frequency[Hz] 𝜃𝑦_𝑡𝑜𝑜𝑡ℎ1 𝜃𝑦_𝑡𝑜𝑜𝑡ℎ2 𝜃𝑦_𝑡𝑜𝑜𝑡ℎ3 𝜃𝑦_𝑡𝑜𝑜𝑡ℎ4 𝜃𝑦_𝑡𝑜𝑜𝑡ℎ5 𝜃𝑦_𝑡𝑜𝑜𝑡ℎ6 𝜃𝑦_𝑌𝑜𝑘𝑒 

0               
1               
2               
:               

3000               

9.4.2 𝑩(𝝎) and 𝜽(𝝎) for pole-2 to pole-n 
The same loads were applied to pole-2 to pole-n provided their directions were maintained 
radially as shown in Figure 61 . To implement the change in direction of force in Finite 
element model, Cartesian coordinate systems were defined in each pole and unit load were 
applied at the Master node in x and y directions with respective signs which was 
implemented using the formulation shown in the figure.  

 

Figure 61 Formulation based on which EM forces were applied 

 

9.4.3 Formula used for force application 
The formulation used by the solver for dynamic force is  

𝑓(𝜔) = (−1) ∗ 𝐵(𝜔) ∗ 𝑒𝑖(𝜃(𝜔)−2𝜋𝜔𝑡) 
 
Where,                        𝑓 → 𝐶𝑜𝑚𝑝𝑙𝑒𝑥 𝐹𝑜𝑟𝑐𝑒 𝑓𝑥 𝑜𝑟 𝑓𝑦 in [N] 
                                      

                                                   𝐵 → 𝐹𝑜𝑟𝑐𝑒 𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 𝑎𝑠 𝑎 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦. 

                                                   𝜔 → 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 in [Hz] 

                                                   𝜃 → 𝑃ℎ𝑎𝑠𝑒 𝑎𝑠 𝑎 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝜃𝑥 𝑜𝑟 𝜃𝑦 .  
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9.4.4 Relation between each element of Formula and Hyperworks card 

 

Figure 62 The function of each cards in the Hyperworks 

9.4.5 Assigning proper card ID numbers to each card 
• RLOAD2 

To define RLOAD2 card, following format is used for ID number: 
(Pole number)(Tooth number) (𝐷𝑥 𝑜𝑟 𝐷𝑦) 
Where, 
Pole number: ∈ (1,2,3,4, … … … .𝑛). Refer Figure 25 
Tooth number: ∈ (1,2,3,4, … … … .𝑘). Refer Figure 25    
𝑓𝑥: 11 
𝑓𝑦: 33 
Example: 3633 → 𝐶𝑜𝑚𝑝𝑙𝑒𝑥 𝑓𝑜𝑟𝑐𝑒 𝑜𝑛 𝑡𝑜𝑜𝑡ℎ 6 𝑖𝑛 𝑦 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝑝𝑜𝑙𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 3 
4811 → 𝐶𝑜𝑚𝑝𝑙𝑒𝑥 𝑓𝑜𝑟𝑐𝑒 𝑜𝑛 𝑡𝑜𝑜𝑡ℎ 8 𝑖𝑛 𝑥 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝑝𝑜𝑙𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 4 
 

• TABLED1  
This card defines frequency dependent quantities at each tooth and yoke 
like𝐵𝑥  𝑜𝑟 𝐵𝑦 𝑜𝑟 𝜃𝑥 𝑜𝑟 𝜃𝑦 (Refer Tables in 9.4.1) 
To define TABLED1 card, following format is used for its ID number: 
(Tooth number) (𝐵𝑥  𝑜𝑟 𝐵𝑦 𝑜𝑟 𝜃𝑥 𝑜𝑟 𝜃𝑦) 
Where, 
Tooth number: ∈ (1,2,3,4, … … … .𝑘). Refer Figure 25    
𝐵𝑥(𝜔): 1 
𝜃𝑥(𝜔): 2 
𝐵𝑦(𝜔): 3 
𝜃𝑦(𝜔): 4 
Example: 
 61 → 𝐹𝑜𝑟𝑐𝑒 𝑚𝑎𝑔𝑛𝑡𝑖𝑡𝑢𝑑𝑒 𝐵𝑥(𝜔) 𝑜𝑛 𝑡𝑜𝑜𝑡ℎ 6 𝑖𝑛 𝑥 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 
82 → 𝑝ℎ𝑎𝑠𝑒 𝑜𝑓 𝑓𝑜𝑟𝑐𝑒 𝜃𝑥(𝜔) 𝑜𝑛 𝑡𝑜𝑜𝑡ℎ 8  
53 → 𝐹𝑜𝑟𝑐𝑒 𝑚𝑎𝑔𝑛𝑡𝑖𝑡𝑢𝑑𝑒 𝐵𝑦(𝜔) 𝑜𝑛 𝑡𝑜𝑜𝑡ℎ 5 𝑖𝑛 𝑦 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 
74 → 𝑝ℎ𝑎𝑠𝑒 𝑜𝑓 𝑓𝑜𝑟𝑐𝑒 𝜃𝑦(𝜔) 𝑜𝑛 𝑡𝑜𝑜𝑡ℎ 7 
 

• DAREA 
This card defines unit force at each tooth and yoke. 
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To define DAREA card, following format is used for its identity: 
(Pole number)(Tooth number) (𝑢𝑛𝑖𝑡 𝑙𝑜𝑎𝑑 𝑈𝑥  𝑖𝑛 𝑥 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑟 𝑢𝑛𝑖𝑡 𝑙𝑜𝑎𝑑𝑈𝑦 𝑖𝑛 𝑦 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛) 
Where, 
Pole number: ∈ (1,2,3,4, … … … .𝑛). Refer Figure 61 
Tooth number: ∈ (1,2,3,4, … … … .𝑘). Refer Figure 61   
𝑈𝑥: 111 
𝑈𝑦: 333 

9.4.6 Syntax of each card 
• DAREA 

The syntax of DAREA is given by: 
DAREA    ID    Node_number   Force_direction      Force_magnitude_(-1) 
 
Note: Here force application node number should be defined (Refer9.4.7). Also the nodes 
should be referenced by the Cartesian coordinate of respective pole in Hyperworks (Refer 
Figure 67). 
 
Example: Applying unit load at tooth 6 of pole 8. 
Unit force in x-direction 
DAREA    86111    Node_number       1                   (−1).    
Unit force in y-direction 
DAREA    86222    Node_number       2                 (−1). 
 

• TABLED1 
The syntax of TABLED1 is given by: 
TABLED1     ID 
 
Example:  Frequency dependent table needed for tooth 6 of pole 8. 
Force magnitude in x direction. 
TABLED1     61 
Phase of force in x direction 
TABLED1     62 
Force magnitude in y direction 
TABLED1     63 
Phase of force in y direction 
TABLED1     64 
 

• RLOAD2 
The syntax of RLOAD2 is given by: 
RLOAD2    ID         DAREA _ID        Magnitude_ TABLED1_ ID   Phase _TABLED1_ ID   LOAD 
 
Example: If we need to apply Dynamic load at tooth 6 of pole 8, the following RLOAD2 card 
should be defined. 
Dynamic load in x direction 
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RLOAD2    8611         86111        61   62   LOAD 
Dynamic load in y direction 
RLOAD2    8622         86222        63   64   LOAD 
 
 

9.4.7 Defining Master node number in a vector. 
A vector of Master node number was created to ease the force application: 

[112131:112136 112182 112137:112142 112183 112143:112148 112184 
112149:112154 112185 112155:112160 112186 112161:112166 112187 
112167:112172 112188 112173:112178 112181] 

  
The Master node numbers at load application position are shown below: 

 

Figure 63 Master nodes at which forces are applied 

 

9.4.8 Simulating Electromagnetic force as a body force. 
EM force acts like a body force on the tooth and Yoke. To simulate the body force using FE model we 
made use of RBE3 equations. RBE3 equations distributes the force acting on Master node to all slave 
nodes equally, thus simulating EM force as body force. The FE modeling of EM force using RBE3 
equation on one tooth and one yoke is shown in  Figure 64.  
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Figure 64 (a) A stator tooth is shown with applied force on a free Master node (b) RBE3 equation connecting the free 
Master node to all slave nodes of the tooth (c) Stator Yoke of one section is shown with applied force on a free Master 
node (d) RBE3 equation connecting the free Master node to all slave nodes of the stator Yoke 

 

9.5 Appendix VII- RESULTS 

9.5.1 Eigen modes 
Figure 65 shows an example of Eigen mode with second order. These modes are dominant up to 
1000[Hz] 

 

Figure 65 An example of Eigen mode with order 2. 

Figure 66 shows an example of Eigen mode with order 3. These modes are dominant between 1000-
2000[Hz] 

 

Figure 66 An example of Eigen mode with order 3 

Figure 67 shows an example of Eigen mode with order 4. These type of modes are dominant 
between 2000-3000[Hz] 
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Figure 67 An example of Eigen mode with order 4 

Figure 68 shows an example of Eigen mode of order 5. 2 to 3 such modes appear near 3000[Hz]. 

 

Figure 68 An example of Eigen mode with order 5 

 

9.5.2 Motor running at 1000 rpm and half the nominal load 

9.5.2.1 Accelerometer position 2 
 

 

Figure 69 Accelerometer position 2 
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Figure 70 Power spectral density calculated and measured 

 

Figure 71 Velocity level calculated and measured in third octave band 

The calculated total A-weighted velocity level summed over frequency up to 2500 Hz is 123 dB(A) 
and for the measurement it is 109 dB(A). 
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9.5.2.2 Accelerometer position 3 
 

 

Figure 72 Accelerometer position 3 

 

Figure 73 Power spectral density calculated and measured 

 

Figure 74 Velocity level calculated and measured in third octave band 
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The calculated total A-weighted velocity level summed over frequency up to 2500 Hz is 126 dB(A) 
and for the measurement it is 108 dB(A). 

9.5.3 Motor running at 1000 rpm and full loaded 

9.5.3.1 Accelerometer position 2 
 

 

Figure 75 Accelerometer position 2 

 

Figure 76 Power spectral density calculated and measured  

 

Figure 77 Velocity level calculated and measured in third octave band 
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9.5.3.2 Accelerometer position 3 
 

 

Figure 78 Accelerometer position 3 

 

 

Figure 79 Power spectral density calculated and measured  

 

Figure 80 Velocity level calculated and measured in third octave band 
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9.5.3.3 Calculated A-weighted sound pressure level at a distance of 1m 

 

 

Figure 81 calculated sound pressure level at 1000 rpm and full load 

The calculated total sound pressure level summed over frequency and averaged over the 
hemispherical surface is 92.14 dB(A). 

9.5.3.4 Directivity of Sound Pressure calculated using BEM 

 

 

(a)                             (b) 

Figure 82 (a) Plane at which directivity was calculated (b) Directivity of Sound Pressure Level in Octave band 
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  (a)                                                       (b) 

Figure 83 (a) Plane at which directivity was calculated (b) Directivity of Sound pressure level in Octave band 

 

                                         (a)                                                                      (b) 

Figure 84 (a) Plane at which directivity was calculated (b) Directivity of Sound pressure level in Octave band 
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9.5.4 Motor running at 2500 rpm and half loaded 

9.5.4.1 Accelerometer position 2 
 

 

Figure 85 Accelerometer position 2 

 

Figure 86 Power spectral density calculated and measured  

 

Figure 87 Velocity level calculated and measured in third octave band 
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9.5.4.2 Accelerometer position 3 
 

 

Figure 88 Accelerometer position 3 

 

 

Figure 89 Power spectral density calculated and measured  
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Figure 90 Velocity level calculated and measured in third octave band 

9.5.4.3 Calculated A-weighted sound pressure level at a distance of 1m 

 

 

Figure 91 calculated sound pressure level at 1000 rpm and full load 

The calculated total sound pressure level summed over frequency and averaged over the 
hemispherical surface is 93.58 dB(A). 

9.5.4.4 Directivity of Sound Pressure calculated using BEM 

 

 

(a)                            (b) 

Figure 92 (a) Plane at which directivity was calculated (b) Directivity of Sound Pressure Level in Octave band 
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  (a)                                                       (b) 

Figure 93 (a) Plane at which directivity was calculated (b) Directivity of Sound pressure level in Octave band 

 

                                         (a)                                                                      (b) 

Figure 94 (a) Plane at which directivity was calculated (b) Directivity of Sound pressure level in Octave band 
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