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Abstract 

 

Induction machines are the most widely used type of electrical machines 

because of their robustness, simplicity, and relatively low cost. However, the small 

airgap in the induction machine makes them more susceptible to Unbalanced Magnetic 

Pull (UMP). This is because the magnitude of the UMP is a function of the degree of 

eccentricity, which is the ratio between the length of misalignment and the mean airgap 

length. The bearing-related failure accounts for approximately 41% of the total failures 

of induction machines; the percentages of bearing-related failure would be higher for 

applications in a harsher environment. In this thesis, the UMP caused by rotor 

eccentricity is investigated, because a small degree of rotor eccentricity is unavoidable 

due to the manufacturing tolerance and 80% of the mechanical faults could cause rotor 

eccentricity in electrical machines.  

When the rotor is not at the centre of the stator, the eccentric rotor causes an 

uneven airgap around the rotor, in which the magnetic permeance with the higher 

harmonics content will be created. The magnetomotive force (MMF) produces 

additional pole-pair ±1 magnetic flux around the airgap. The interaction between each 

magnetic flux with its pole pair ±1  magnetic flux produces UMP. As only the 

magnetic flux that crosses the airgap causes UMP, the magnetic flux is categorised 

into magnetising flux and airgap leakage flux, because both types of flux possess 

different characteristics at a different rotor slip. As the airgap leakage flux is difficult 

to calculate analytically, an empirical method is proposed to estimate the UMP caused 

by the airgap leakage flux. Then, the UMP caused by the magnetising flux can also be 

estimated by using the empirical method. The parameters for the empirical method can 

be found by using either the FEA or the experimental results. 

The damping effect of the magnetising flux in a parallel connected rotor bar is 

discussed and a damping coefficient is introduced to explain this scenario. The 

damping coefficient can also be used to calculate the UMP in a steady state analysis. 

UMP comparisons between the cage rotor and wound rotor induction machines are 

made. The wound rotor has a much higher UMP because the pole-specific wound rotor 

could not damp the additional pole pair ±1  magnetic flux. Therefore, a damper 

winding at the stator slot is also proposed in order to damp the UMP by producing a 

counteracting flux. In addition, analytical equations have also been derived for 
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different scenarios, such as static eccentricity, dynamic eccentricity, axial-varying 

eccentricity, and skew rotor bars. Finite Element Analysis (FEA) and experimental 

work are used to demonstrate the derived analytical equation. Furthermore, the power 

losses caused by the rotor eccentricity are investigated. Iron losses, copper losses, and 

frictional loss are discussed and compared with both the analytical equation and the 

FEA results.  

In order to reduce the UMP in the induction machines, the two proposed 

methods are the slip control method and damper windings topology. The slip control 

method utilises the non-linearity characteristic of the UMP at different rotor slip. To 

find the optimum operating slip with the lowest UMP, the UMP/Torque ratio is 

introduced. The characteristics of the UMP/Torque ratio varies with the type and 

design of the induction machines. However, this method is only applicable when the 

machine is lightly loaded, because the magnetising flux is limited by the capped 

terminal voltage and the core saturation of the machine. For the damper winding 

topology, a circulating current flowing in the damper winding could produce a 

counteracting flux to damp the UMP. The proposed damper windings configuration is 

only suitable for the induction machine with an even pole pair number. Finally, 

comparisons between both UMP reduction methods are made. 
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1 Introduction 

1.1 Background 

In industrial applications, 35%-40% of the generated electrical energy is 

consumed by electrical motors [1]. Electrical motors are used in different types of 

applications, including pumps fans, mills, grinders, compressors, conveyors, and 

elevators. Within the industrial electrical motor applications, more than 90% of the 

motors are three-phase induction motors [2]. The popularity of induction machines is 

due to their robustness, high efficiency, and low cost.  Despite the robustness of these 

induction machines, they are subjected to various types of failure, of which bearing 

failure is the most common failure [3]. The downtime of a machine could result in the 

loss of production and income [4 ]. Therefore, the importance of improving the 

induction machine reliability is highlighted. 

A survey from the Institute of Electrical and Electronics Engineers (IEEE) had 

shown that the bearing failure accounted for 41% of all failures (see Figure 1-1) [5]. 

However, the percentage range of bearing failure can vary from 40% to 90%, 

depending on the type and size of the induction machine [3]. In the petrochemical 

industry, the bearing faults constitute 52% of the induction machine faults [6]. Bearing 

failure in the field survey for the US wind industry is 58%-70% for wind turbine 

generators with a power rating over 1 MW [7]; induction machines are the dominant 

type of technology used in medium and large wind turbines [8]. For the induction 
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machines used in military purposes, which are installed in warships, the bearing 

failures can go as high as 95% of the total failures because of high shock loading and 

harsh environments [9]. 

 

Figure 1-1: Failure distribution of the induction machine [5]. 

The causes of bearing failure can be distributed into: inappropriate lubrication 

of the bearing rolling element (80%), inadequate bearing selection (10%), improper 

mounting (5%), indirect failure (4%), and manufacturing error (1%) [ 10 ]. The 

inadequate bearing selection, improper mounting and manufacturing error can be 

categorised as human error which is not discussed in this thesis. Meanwhile, the 

indirect failure is caused by overloading, vibration, electric discharge, and temperature 

[11], in which UMP could be one of the contributing factors in the indirect failure.  

As the inappropriate lubrication stands the largest percentage of bearing 

failures, the bearing lifetime would generally be affected by the minimum lubrication 

thickness and the lubrication regime would affect the bearing lifetime [12]. The fault 

tree analysis of the lubrication thickness and regime is shown in Figure 1-2, which 

shows the bearing load is one of the factors. 
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Figure 1-2: Factors that affect the lubrication film thickness and lubrication regime [12]. 

Although the machine can still be operated when its bearing is inappropriately 

lubricated, any additional loading could reduce the lubrication film thickness and 

lubrication regime, which reduces the bearing lifetime. It has been pointed out in [13] 

that 80% of mechanical faults lead to the rotor eccentricity in electrical machines. Any 

eccentricity in the machine will create excessive mechanical stress and cause more 

fatigue in the bearings [14]. In addition, the uneven magnetic flux distribution around 

the airgap of an eccentric rotor causes UMP, thus creating greater mechanical stress 

on the bearing. Subsequently, the UMP from the rotor shaft might accelerate wear on 

the bearing and cause greater rotor misalignment. Increasing misalignment could then 

further increase the UMP. This cycle continues until the bearing eventually fails. When 

a bearing fails, permanent damage to the machine may occur when the rotor bars 

collide with the stator. 

1.1.1 Unbalanced Magnetic Pull 

UMP is caused by the uneven distribution of the magnetic flux in the airgap 

which could be caused by winding faults, unbalanced three-phase supply, broken bars, 

etc. The focus of the thesis is on the UMP caused by rotor eccentricity. When the axial 

variation is not taken into consideration, there are two main types of rotor eccentricity 

which are the static and dynamic eccentricity.  

In Figure 1-3(a), static eccentricity exists when the rotor rotates on its own axis, 

but not at the centre of the stator bore. The UMP caused by static eccentricity is a 
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constant force and a 2-times supply frequency force acting toward the direction of the 

narrowest airgap. The 2-times supply frequency force component is relatively small if 

compared to the constant force component, when the backward rotating flux is 

negligible [15]. In Figure 1-3 (b), dynamic eccentricity exists when the rotor rotates at 

the centre of the stator bore axis but not on its own axis. The minimum airgap rotates 

with the rotor rotating frequency. So, the UMP caused by dynamic eccentricity has the 

frequency of the rotor rotating frequency. Both of the static and dynamic eccentricity 

can exist together, which is referred to as, mixed eccentricity. 

 

 

(a)        (b) 

Figure 1-3: The two main types of eccentricity: (a) static (b) dynamic. 

While the constant UMP of static eccentricity acting in the same direction as 

the rotor weight, additional radial force is exerted on the bearing. That additional radial 

force would cause fatigue in the bearing and reduce the bearing lifetime. The greater 

radial force will also accelerate the severity of other mechanical faults. Furthermore, 

the efficiency of the machine is also reduced because of the additional bearing friction 

loss [16]. If the machines are coupled with other mechanical components, such as a 

gearbox, the UMP also affects the bearing lifetime of the gearbox, where the UMP 

amplifies the vibration of the gearbox. This is because the UMP reduces the overall 

system stiffness [17], [18].  

With the constant UMP acting in the opposite direction, the load of the bearing 

will be reduced as there is a minimum load requirement for each bearing to ensure that 

the rolling element is tracked properly. Insufficient loading may lead to the skidding 

of the rolling element, which could then cause bearing failure [19].  

Subsequently, for the dynamic UMP, whereby the minimum airgap changes 

the direction of the rotor position, it causes additional vibration in the machine. The 

stator centre axis 

 

rotor rotational axis 

       Stator 

 

   

 Rotor    
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vibration of the machine depends on the natural frequency of the machine, in which 

the relationship between the rotational frequency and the vibration amplitude is non-

linear [20].  

1.1.2 Types of induction machines 

Induction machines generally possess a relatively small airgap in order to 

minimise the magnetising current.  The small airgap in the induction machines make 

them more susceptible to the UMP. This is because the magnitude of the UMP is a 

function of the degree of eccentricity, which is the ratio between the length of 

misalignment and the mean airgap length.  

Categorising the type of induction machines based on the rotor configuration, 

the two types of induction machines are the cage rotor and the wound rotor induction 

machine. Although both types of induction machines work with the same concept, the 

cage rotor induction machine is more widely used. This is because the wound rotor 

induction machine has few significant disadvantages, namely: 1) frequent maintenance 

is required for the brushes and the collector rings of the wound rotor induction 

machine, 2) the insulation of the wound rotor is highly stressed by the heat dissipated 

and the centrifugal force, and 3) the external rotor resistance is hard to maintain [21].  

However, wound rotor induction machines are popular in certain applications 

such as mills and cranes [22], in which a high starting torque is needed when there is 

no use of variable frequency drive (VFD). High starting torque can be achieved using 

higher external rotor resistance. In addition, speed control with a range of 0-10% below 

the synchronous speed can be achieved by varying the external resistance of the wound 

rotor induction machine, but this method is not very efficient, as more heat loss is 

caused by the external resistor [23].  

The other advantage of the wound rotor induction machine is that the external 

component can be added to the rotor circuit, in which an additional voltage source can 

be connected to  the wound rotor. This type of configuration is referred to as the doubly 

fed induction machine. Doubly Fed Induction Generator (DFIG) is widely used as the 

generator for a wind turbine, in which 48% of the overall offshore wind turbine is 
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accounted for [24]. The variation of speed depends on the power rating of the voltage 

supply of the rotor, in which the power rating of the converter is around 25% of the 

rated power [25].   

1.1.3 Reducing UMP 

As UMP causes an excessive bearing loading, this reduces the bearing lifetime. 

In addition, excessive loading also causes premature fatigue. Moreover, a weak plane 

inevitably exists in the material even if the material is 100% inclusion free and 

homogeneous [26]. For machines that are not heavily used, the bearing fatigue problem 

can be solved by choosing a stronger bearing to increase its lifetime. However, for 

heavily used machines, such as a renewable energy generator, which runs most of the 

year, the UMP will have a significant impact on the bearing lifetime. Many new types 

of enhanced bearing are designed for the harsh offshore environment and the high 

fatigue load, in which those bearings have a longer lifespan than the conventional one. 

Moreover, it is difficult to find the suitable bearing for those cases where the UMP is 

a few times the rotor weight.  

In addition to enhancing the material of the bearing, reducing the UMP is key 

to prolonging the lifetime of the bearing. The most direct method to minimise bearing 

wear is to levitate the rotor shaft through magnetic bearing topology. Magnetic bearing 

topology is often used in high speed machines. The magnetic bearing could negate the 

radial force from the rotor. This might not only prevent bearing failure, but it may also 

reduce the bearing friction loss. However, the magnetic bearing requires additional 

windings and a control system which may be prone to failure and a whole new costly 

design is needed.  

Due to the complexity of the magnetic bearing topology especially in a large 

machine where negating the UMP will be costly, the main suggestion proposed by this 

thesis is that instead of fully negating the UMP, the bearing lifetime can be prolonged 

through reducing the UMP. Therefore, the methods to reduce the UMP by using active 

control and the installation of damper windings are proposed in this thesis. 
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1.2 Research Methodology 

The analyses of UMP were done by using analytical modelling, FEA modelling, 

empirical method, and experimental work. The modelling work is based on calculation 

of magnetic flux distribution in the machine to find the forces acting on the rotor. Time 

and space harmonics need to be considered in the analysis because the rotor MMF of 

the induction machine is induced by the stator flux. Also, rotor eccentricity causes the 

change of magnetic permeance, which produces additional magnetic flux space 

harmonics. Then, the forces exerted on the rotor at any instant of time can be calculated 

from the magnetic flux space harmonics distribution through the Maxwell Stress 

Tensor, in which the derivation had shown that UMP is produced by the interaction 

between each magnetic flux harmonics with its pole pair ±1 magnetic flux.   

The electromagnetic problems can be solved by analytical methods or 

numerical methods; the numerical method used in this thesis is the FEA. The main 

advantages of analytical methods are that they can be solved faster than the numerical 

methods. In addition, the analytical equation can aid clarity in the UMP analysis. 

Meanwhile, although solving machine geometry of induction machines with a small 

airgap is time consuming, the FEA method can model the complex physical geometry, 

so the magnetic saturation effect can also be taken into account. 

Instead of solving the electromagnetic problems through theoretical models, 

empirical method is used to find the solutions based on statistical formulas, such as 

regression analysis, support vector machine method, chi-square analysis, random 

forest method and etc., in which the empirical model is developed based on the 

collected data.  As some of the parameters used in the UMP analytical model are hard 

to be obtained, an empirical method is proposed in the thesis to calculate the UMP; the 

empirical model is built based on the theoretical study of UMP.  

Although modelling of electrical machine is based on a physical system, works 

need to be done to verify the reliability of the model. In this thesis, experimental works 

were performed to validate both the FEA and the analytical model. During the 

experiment, static eccentricity was created after disassembling the stator and the rotor 
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of the induction machine. Instead of measuring the magnetic flux distribution to 

calculate UMP, the UMP is directly measured from the force plate, which is placed 

under the stator. As the experimental work is prone to various errors, preventive steps 

need to be taken to improve the accuracy of the experimental results.  

1.3 Aims and Objectives 

This project has several distinct objectives: 

1. To investigate the cause of the UMP and to simplify the UMP calculation 

method. 

2. To find the UMP for different type of rotor eccentricity. 

3. To apply a control methodology on induction machines to reduce the UMP. 

4. To develop a new set of winding configurations to reduce the UMP of a wound 

rotor induction machine. 

To accomplish the above objectives, the work was divided into three key stages: 

• Analysis of the magnetic flux caused by an eccentric rotor. This stage analyses 

the spatial harmonics flux around the airgap and its contribution towards the 

UMP. UMP from the static, dynamic and axial-varying static eccentricity are 

investigated on a cage rotor induction machine. 

• Analysis of the optimum operating rotor slip. The simplified mathematical 

equation is developed to generalise the UMP of the induction machine. From 

this, the optimum rotor operating slip is investigated.  

• Experimental evaluation. An induction motor using the proposed control 

strategy was tested. Conclusions are drawn regarding the effectiveness of the 

proposed methodology. 
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1.4 Thesis Outline 

Chapter 2 reviews the work done by other researchers. The factors that affect the UMP 

are discussed. Comparisons between different methods of UMP analysis are done.  

Chapter 3 presents the airgap magnetic flux of an eccentric rotor. The airgap magnetic 

flux information is essential in calculating the UMP. The UMP calculation is derived 

from the Maxwell Tensor Stress. Then, the FEA and experimental setup are shown. 

Chapter 4 analyses the damping effect from the parallel circuit connection of the cage 

rotor bar. A damping coefficient is introduced for the UMP calculation. This has been 

verified by the FEA and the experimental model. Skewed rotor and axial-varying 

eccentricity are discussed and are simulated by using a multi-slice, 2-dimension FEA 

method. Then, power losses due to rotor eccentricity are discussed. 

Chapter 5 presents the empirical method in order to estimate the UMP of both static 

and dynamic eccentricity. An UMP/Torque ratio is introduced to find the operating 

slip with the lowest UMP. 

Chapter 6 shows the slip control method that reduces the UMP. The Matlab/Simulink 

model is used and is verified with the experimental results. Then, a new damper 

windings configuration for the wound rotor induction machine is also proposed. 

An overview of the theoretical and experimental work is presented in Chapter 

7. The main conclusions are drawn and discussed. Finally, future work and proposals 

are suggested. 

1.5 Contribution to Knowledge 

This thesis can be divided into two main parts, which are the calculation of 

UMP and the methods to reduce UMP.  

During the first part of the thesis, the main challenges of UMP calculation in 

induction machines are the estimation of the higher harmonics flux that crosses the 

airgap and the calculation of the counteracting flux produced by the circulating current 
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in the rotor bars. The numerical methods have often been used by other researchers to 

solve the problems in the UMP calculation. However, solving the numerical problem 

is time-consuming; high computational power is needed. Therefore, a UMP Damping 

Coefficient is proposed to calculate the damping of UMP caused by the counteracting 

flux. In addition, an empirical method is proposed to estimate the higher harmonics 

flux for the UMP calculation. The empirical method is based on the proposed UMP 

Damping Coefficient and the categorisation of the magnetic flux across the airgap. 

With the proposed empirical method, a real-time UMP estimation may be feasible.   

During the second part of the thesis, a damper winding configuration and slip 

control method are proposed to reduce UMP. The damper winding method has been 

previously proposed by other researchers in order to reduce the UMP of electrical 

machines. However, the winding configuration is rather complex and it could only 

damp the magnetic flux from a specific space harmonics. Hence, a simplified 

configuration is proposed for the machine with an even pole-pair number. Meanwhile, 

the slip control method can be achieved by varying the magnetising flux so that the 

machine could operate at the slip with the lowest UMP. The lowest UMP will exist at 

a particular slip, because of the nonlinear UMP-slip characteristic of induction 

machines. 

My research project is funded by the Institute of Energy System (IES) at the 

University of Edinburgh. As one of the main research directions of IES is on tidal and 

wave renewable energy, works had been done to reduce the bearing failure in 

generators [27]. This is because bearing failure is one of the major issues when the 

generators operate in a harsh environment. The researches that had been done in the 

IES related to bearing failure include, the selection of bearing for wave and tidal 

application [28], minimising the bearing loading [29], and fatigue lifetime prediction 

[30]. Most of the work done in IES is on the linear generator and permanent magnet 

machine [31], [32], [33]. Therefore, my research’s project is mainly focused on the 

induction machines to fill the knowledge gap in the group. Additionally, the proposed 

UMP calculation through empirical methods and the UMP reduction methods can also 

be used on the other types of generators.  
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2 Literature Review 

2.1 Rotor Eccentricity 

Rotor eccentricity may occur in most electrical machines, even in newly 

manufactured machines [34], in which the small degree of eccentricity might be caused 

by the manufacturing tolerance. Typically, static eccentricity is caused by the stator 

core ovality or incorrect positioning of the rotor and the stator at the assembling stage 

[ 35 ]. Meanwhile, dynamic eccentricity is caused by a bent shaft, mechanical 

resonances at critical speed and bearing wear [36]. 

  A small degree of static eccentricity occurs in the assembly stage and does not 

change with time if the rotor shaft assembly is sufficiently stiff [35]. In [37], the author 

states that the high UMP from static eccentricity could cause shaft flexing and dynamic 

eccentricity. Therefore, mixed eccentricity often co-exists in reality. The UMP has a 

snowball effect that will worsen over time. It may further end up causing rubbing of 

the stator and rotor that could damage the whole machine.  

In addition, a non-constant eccentricity along the axial direction has been 

discussed in several papers [38], [39], [40]. Inclined eccentricity or axial-varying 

eccentricity assumes that the rotor does not bend and that the eccentricity changes 

linearly along the axial direction (see Figure 2-1(a)). For axial-varying eccentricity, an 

average eccentricity value is used for the UMP calculation. In [ 41 ], the author 
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discusses the curved dynamic eccentricity where axial direction changes are not linear 

due to bending of the rotor shaft, which is shown in Figure 2-1(b). In solving the axial-

varying cases, a multi-slice 2D-FEA is used by most researchers.  

         

                (a)                                                                         (b) 

Figure 2-1: (a) Axial-varying eccentricity of a straight rotor [38]. (b) Curve dynamic eccentricity 

[41]. 

In a three-phase supply with unbalanced voltage, the negative sequence voltage 

in the system produces a backward rotating flux that causes a torque pulsation at twice 

the supply frequency [42]. With the occurrence of rotor eccentricity, the backward 

rotating flux creates an additional 2-times supply frequency UMP [40].  In addition, 

the current unbalance is 6 to 10 times larger than the voltage unbalance [43]. A higher 

current will also produce higher airgap leakage flux, which in turn produces a higher 

UMP. 

2.2 Slot Harmonics 

Magnetic flux spatial harmonics caused by the stator and rotor slots produce 

unwanted effects such as crawling, locking, magnetic noise, vibration, and ripple [44]. 

In addition, the presence of the stator and rotor slots also causes additional UMP. In 

[45], the authors states that the rotor differential flux harmonics are mainly produced 

by the slot magnetomotive force (MMF). The slot permeance variation has little effect 

on the slot harmonics flux. However, the variation of slot permeance creates additional 

UMP. The vibration frequency is a function of the number of rotor and stator slots, 

and the rotating speed [46].  The vibration force produced by the slotting effect has a 

higher frequency. Resonance will occur when the vibration frequency approaches the 
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magnitude of either the stator core or stator tooth, which could amplify the vibration 

[47]. As FEA is commonly used to calculate the magnetic flux from the slotting 

harmonics, comparison of airgap flux calculated by the analytical model and FEA  is 

made in [48], which is shown in Figure 2-2. 

 

Figure 2-2: Magnetic flux in the airgap [48]. 

However, Dorrell pointed out that the vibration caused by the slotting effect 

can be neglected in the UMP analytical calculation for induction machines, since the 

slotting does not generate a substantial UMP [40]. Although the vibration caused by 

the slotting effect can be neglected, Dorrell demonstrated that the higher order space 

harmonics flux is caused by the stator and rotor slots harmonics, which are dominant 

in the high slip region [49]. In [50], the author demonstrated that the UMP difference 

with and without slotting effects is 4% for the 2-pole induction machine. The 

contribution of the slot harmonics of an eccentric rotor on the UMP is also discussed 

in [51]. By using FEA, the authors demonstrated that closing the rotor or stator slots 

could not reduce the UMP of an eccentric rotor. A further attempt at increasing the 

rotor slot number resulted in a 12% reduction in the UMP. Furthermore, a 2-pole 

induction machine is more vulnerable to the UMP oscillation because the sideband of 

the slot harmonics is separated by only two spatial harmonics, where the interaction 

might happen between the additional pole-pair flux of each sideband [52]. 

According to [53], a skewed rotor design was implemented to reduce the 

vibration of the machine.  The best skewing factor to reduce the stator slot flux 

harmonics is one stator slot pitch. When the rotor slots are skewed, the rotating 



Literature Review 

 15 

magnetic flux from the stator can evenly distribute around the rotor regardless of the 

stator slots. However, the downside of rotor skewing is that the skewed rotor will 

produce larger UMP when eccentricity occurs in the rotor. In [54], the author shows 

that the parallel rotor bar can damp most of the UMP from the stator flux for a cage 

rotor without skewing. For a skewed cage rotor, the coupling between the stator and 

the rotor is reduced. Therefore, a skewed rotor amplifies the machine UMP because 

the stator flux cannot be completely damped by the cage rotor. 

2.2.1 Knowledge gap in calculating the airgap magnetic flux 

As the UMP is caused by the uneven distribution of magnetic flux around the 

airgap, understanding the magnetic flux that crosses the airgap is key in calculating the 

UMP in induction machines. Other than the magnetic flux with fundamental pole pair 

harmonics, the magnetic flux with belt and slot harmonics are the two main harmonics 

groups that contribute to the magnetic flux in the airgap. Both types of harmonics are 

a function of the number of slots. 

Most literature has pointed out that the magnetic flux with higher space 

harmonics contributes to the UMP. However, the UMP caused by the higher harmonics 

flux is not comprehensively discussed. One of the reasons is the higher harmonics flux 

that crosses the airgap is highly dependent on the parameters and the design of the 

machine. Therefore, the higher harmonics flux that crosses the airgap is difficult to 

calculate using analytical model. 

    As the purpose of finding the higher harmonics flux is to calculate and to 

understand the UMP in the machine, instead of specifically finding the higher 

harmonics inductance, an empirical method is proposed to acquire the UMP caused by 

the higher harmonics flux. By using the FEA or experimental results, the parameters 

for the UMP calculation can be found with the proposed empirical method [48].  

2.3 Method to Calculate the UMP 

The uneven distribution of the magnetic flux can be caused by an eccentric 

rotor, stator and rotor slots, unbalanced supply voltage, stator or rotor ovality, or 
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winding fault. Different methods have been used to calculate the magnetic flux 

distribution, which can be further extended to calculate the UMP. The focus of this 

thesis is on the UMP caused by the rotor eccentricity. 

2.3.1 Analytical modelling 

UMP has been investigated for many years. The first paper that addresses this 

issue dates back to 1918 [55], where the unbalanced magnetic flux density is used to 

calculate the force exerted on the rotor. Then, a set of linear UMP equations were 

introduced by Robinson for low degrees of eccentricity [56]. Robinson further pointed 

out that the vibration caused by rotor eccentricity is twice the line voltage frequency. 

The UMP calculation using the rotating magnetic flux theory is then discussed in [57]. 

The author found that a vibration of twice the supply frequency is caused by the 

different rotating components in the machine. His work is further investigated by [58], 

[59], [60]. Finally, the damping effect from the parallel circuit of the cage rotor was 

observed in [61].  

The magnetic permeance harmonic analysis is presented in [62]. The airgap 

permeance is expressed as a Fourier Series, which is used to modulate the MMF 

around the airgap. The generalised harmonic analysis was introduced by Williamson 

[63] and was used to find the coupling impedance of each circuit. Current information 

can be found after the voltage information is known. The conformal transformation 

was presented in [64], which involves transforming two eccentric circles into two 

concentric rotors, and, the symmetrical windings are transformed into an asymmetrical 

winding. Dorrell then combined both the generalised harmonic analysis and the 

conformal transformation [65] to calculate the UMP of the induction machine with 

parallel winding connections.  

In addition to that method, the Modified Winding Function Analysis (MWFA) 

can be used to find the winding inductance of a machine with an eccentric rotor, where 

the magnetic characteristic is assumed linear [66], [67], [68]. The airgap flux can then 

be calculated with the inductance of both stator and rotor windings. Meanwhile, the 

saturation effect is considered in the MWFA by [69]. To improve the accuracy of 
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calculation, the saturation effect needs to be considered especially for a machine with 

a higher degree of rotor eccentricity because the stator teeth around the narrowest 

airgap are vulnerable to core saturation.  

2.3.1 FEA modelling 

FEA is a numerical method that subdivides the geometry of the problem into 

smaller parts to find a solution. FEA is used to calculate the magnetic flux distribution 

in the machine. Subsequently, the Maxwell Stress Tensor method is used to calculate 

the radial force exerted on the rotor [70]. The finite element is first brought up to be 

used to simulate an induction motor with an eccentric rotor [71], in which equalising 

current in the parallel windings caused by the additional pole pair ±1 flux can be 

simulated by the FEA. DeBortoli further compared the airgap flux between the 

eccentric rotor and the concentric rotor by using the Fast Fourier Transform to examine 

the harmonics component of the airgap flux. 

Most small and medium sized induction machines have a skewed rotor. The 

change in axial direction could not be assumed constant for a skewed rotor. 2D skewed 

rotor simulation is conducted in [72] by splitting an induction machine into several 

slices; the rotor of each slice is shifted with an angle. Then, the winding of each slice 

is linked with series circuit connections, resulting in the current in each slice is the 

same.  

The frequency response function analysis was introduced in [73] to analyse the 

UMP caused by rotor whirling motion. A rotor whirling motion can be defined as the 

rotor that remains at the centre of the stator bore, but the centre axis of the rotor travels 

around the centre of the stator in a circular orbit with a certain frequency, which is 

illustrated in Figure 2-3. Therefore, the rotor whirling frequency is the rotational 

frequency of the rotor centre axis. Since the time-stepping FEA is time-consuming for 

simulating the UMP at each whirling frequency, an impulse method is introduced to 

shorten the computational time [74]. When using the impulse method in FEA, the rotor 

is moved away from its centre position for a short period of time. This rotor movement 

produces UMP, which representing the UMP due to the rotor whirling motion. 
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Analysing the rotor whirling motion through the impulse method could reduce the 

simulation time by 95%. 

 

Figure 2-3: Illustration of the rotor whirling motion. 

2.4 Homopolar Flux 

The homopolar flux issue was first brought up in [75]. The homopolar flux is the 

flux that crosses the airgap once, and the return path of the flux will then pass through 

the end cap of the machine back to the stator or rotor. The flux path of the homopolar 

flux is illustrated in Figure 2-4. The homopolar flux exists in most eccentric rotors, 

especially in the 2-pole machine, where the homopolar flux is caused by the first 

permeance harmonics of the asymmetric airgap. As the pole pair number increases, the 

homopolar flux becomes negligible [65]. The homopolar flux is also negligible in a 

2D analysis because the homopolar flux relies on the flux path between the stator and 

rotor. 

A homopolar flux experiment was conducted in [76]. The author explained that 

the homopolar flux causes the 2 times supply frequency UMP oscillation. The 2 times 

supply frequency is caused by the interaction between the forward and backward 

rotating flux with a pole pair number difference of 1 in the airgap due to an oscillating 

uneven magnetic flux. In the case of the presence of the homopolar flux, the interaction 

with the 2-pole flux also causes an oscillation in the airgap. Furthermore, in [77], the 

author experimentally demonstrated that the 2 times supply frequency oscillation 
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could be reduced by removing the end cap. This can further prove that the homopolar 

flux causes the 2 times supply frequency. 

 

Figure 2-4: Homopolar flux path. 

2.5 Bearing Failure 

After presenting the concept of UMP in the previous sub-chapters, the impact 

of UMP on the bearing is discussed here. The main causes of bearing failure include: 

lubrication failures, misalignment, overheating, excessive load, normal fatigue failure, 

tight and lose fit, true and false brinelling, contamination, and corrosion [78]. Bearing 

discharge current is also another cause of bearing failure in electrical machines [79]; 

inverter-fed electrical machines are more likely to suffer as a result of bearing currents 

[80]. The bearing failures are categorised into single point defects and generalised 

roughness fault [81]. A single point defect is a localised defect on a surface. A common 

cause for this type of defect is the existence of pit or spall. For a generalised roughness 

fault, the condition of the bearing is degraded over a large area and becomes rough or 

deformed. This type of fault is usually caused by a lack of lubricant, or the existence 

of contamination.  

 Although there are many causes that lead to bearing failure, 80% of 

mechanical faults will cause an eccentric rotor to occur [13], hence, UMP will occur 

due to most mechanical faults in electrical machines. When the bearing is overloaded, 

this increases the probability of premature failure. Premature failure is due to the 

contact pressure between the rolling element and the bearing raceway, which is higher 

than the material yields strength [82]. As UMP causes additional radial load on the 

bearing, UMP will cause excessive bearing wear [83]. The authors in [84] had also 



Literature Review 

 20 

pointed out that the rotor eccentricity causes additional mechanical stress, which leads 

to more rubbing and fatigue on the ball bearing. 

Even at normal operating condition in a healthy machine, fatigue failures may 

also occur [85]. It was noted in [86] that a rotating bearing has a limited lifetime 

because of the probability of subsurface initiated fatigue spall. In [87], the authors 

pointed that the rolling contact fatigue of rolling element bearing is a statistical 

phenomenon which is influenced by the material microstructure that possesses a 

heterogeneous nature. The fatigue spall may occur on the balls, the inner ring or the 

outer ring. Although rolling contact fatigue causes fatigue spall, the spall does not 

always stop the bearing from running. The fatigue failure progression is illustrated in 

Figure 2-5. In the continued operation of a bearing with fatigue spall, the dynamic 

loading caused by the contact with the rough spall surface is the main contributing 

factor that limits the remaining useful life [88]. 

 

(a)                               (b)                                        (c)    

Figure 2-5: Progression of the surface fatigue in ball bearings (a) begins with a v-shaped spall (b) 

the spall grows in the rolling direction (c) material started to flake away from the surface [89]. 

2.6 Methods of Reducing UMP 

UMP can be reduced to prolong the bearing lifetime in induction machines. 

The eccentric rotor produces additional magnetic permeance that causes the 

unsymmetrical distribution of the magnetic field around the airgap. As the UMP is 

caused by the uneven distribution of the airgap flux, the reduction of the UMP can be 

achieved by evening out the airgap flux distribution. The methods to achieve a more 
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even distribution of the airgap flux can be divided into two main categories, namely 

passive methods and active control. 

2.6.1 Passive methods 

Passive methods are used to reduce the UMP without any detection and input 

control signals. Different passive methods have previously been investigated. The 

main concept of passive methods is to introduce a parallel path connection in the 

machine in order to induce an equalising current that produces a counteracting flux to 

reduce the UMP by evenly distributing the flux. However, the downside of having a 

parallel winding connection is that the backwards rotating flux may exist due to the 

induced voltage being unbalanced. This backwards rotating flux could create a 

vibrating component at twice the supply frequency.  

A parallel connection can occur in either the stator windings or rotor windings. 

For the rotor winding parallel connection configuration, the cage rotor bar is naturally 

parallel connected, and the wound rotor is series connected. Therefore, Bradford has 

shown that the cage rotor motor has 80% lesser UMP than the wound rotor induction 

motor [90]. Moreover, when the whirling frequency of the rotor rotates near the pole 

pair ±1 flux frequency, the UMP of the machine will be higher because the flux could 

not be damped by the rotor [91].  

For the cage rotor induction machine, the damping effect is only significant for 

the fundamental pole pair ±1. The damping effect from the rotor MMF is negligible 

at start-up because the rotor could not damp the higher order space harmonics airgap 

flux [49]. In addition, in [92], the author mentioned that the UMP can be significantly 

damped when the number of parallel circuits is higher. Furthermore, the increment of 

the rotor slots number could also reduce the magnitude of the rotor differential flux 

because the average current flowing in each bar is reduced. The FEA results to prove 

this statement are shown in [51].  

As the cage rotor already has many parallel circuits, the stator windings parallel 

connection is more effective in damping the UMP in a wound rotor induction machine 

because most of the pole pair ±1  flux frequency is not damped. Therefore, the 
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additional parallel path in the stator can help damp the UMP [93]. In [94], the parallel 

path connection in the stator winding could damp the cage rotor induction machine at 

every whirling frequency including the pole pair ±1 flux frequency. The damping of 

the higher space harmonic is also shown in this paper, but the damping effect is not as 

significant as the damping of the fundamental pole pair ±1 flux.  

Installing an extra damper winding is another method to reduce the UMP. The 

auxiliary windings can be installed at the stator, to solve the wound rotor UMP 

problem. The damper windings are often placed in a synchronous machine to help the 

machine start and reduce oscillations [95]. Dorrell has compared both cage rotor and 

wound rotor induction machines with an extra damper winding of pole pair ±1 

towards the main winding [96]. The results show a significant UMP decrease in the 

wound rotor induction machine because the wound rotor does not have a parallel path 

to damp the UMP. Dorrell also stated that damper winding would not have a significant 

effect on torque production in the case of the low degree of eccentricity. An external 

4-pole winding has also been installed on a 2-pole machine in [97]. The author shows 

that 90% of the UMP can be damped, which was experimentally verified. However, 

the damping effect for both cases are pole specific, meaning that the uneven higher 

space harmonics flux could not be damped by the damper winding. 

   

(a)                                                          (b) 

Figure 2-6: (a) 1 pole pair (b) 3 pole pair damper winding in a 2 pole pair induction machine [96]. 
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2.6.2 Active control 

The UMP is described as the net radial force exerted on the rotor. In order to 

reduce the UMP, the key is to control the radial force exerted on the machine. Although 

not specifically designed to control the UMP, magnetic bearing topologies can be used 

to control the radial force. The machine with magnetic bearing is not only used to 

produce a force to levitate the rotor weight, but it is also used to control the rotor to be 

at the centre and rotating at the centre of the stator axis, in which no UMP is produced.  

The dual windings scheme for magnetic bearings is more commonly discussed. 

For this scheme, an additional winding is installed to create a radial force. The installed 

windings need to be either pole pair +1 or pole pair −1. The magnetic bearing can be 

used in both the salient pole rotor and the cylindrical rotor [98], [99]. The key to 

controlling the rotor to be at the centre of the stator bore is knowing the permeance 

function of the machine and the flux distribution in the airgap. By using this 

information, the current required to levitate the rotor can be calculated. In [100], an 

additional 2 pole winding was wounded on a 4 pole machine. When the fundamental 

flux interacts with the pole pair flux of difference by 1, a radial force is produced which 

can offset the rotor weight and achieve magnetic bearing application. In [101], the 

author has designed the magnetic bearing configuration the other way round, where 

the 2 pole winding is the main winding, and the 4 pole pair winding produces the 

levitation force.  

In conclusion, if the main goal is to completely eliminate the UMP, additional 

windings with a control topology are needed in order to produce the pole pair ±1 flux, 

which generates a force to negate the UMP. This is because the pole pair ±1 flux could 

not be generated through the original machine windings. Furthermore, the magnetic 

bearing can reduce the friction loss of the induction machine. The friction loss caused 

by the additional UMP can also be reduced when the UMP is reduced. However, 

additional losses from the levitation current are produced [101].  
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2.6.3 Knowledge gap in reducing the UMP 

For reducing UMP through passive methods, although the damping of the 

parallel windings had been discussed and used by many researchers, the damping 

effect is not explicitly investigated. In this thesis, the UMP analytical model is 

developed to show the UMP damping effect. In addition, a UMP Damping Coefficient 

is introduced to simplify the UMP calculation for steady state operation [48]. The 

understanding of the damping effect can help in reducing the UMP or designing the 

induction machines.  

Meanwhile, Dorrell had proposed installing the damper winding in wound 

rotor induction machines which could significantly reduce the UMP of the machines. 

However, the two sets of damper windings with different pole pair number are needed 

to be installed, which increases the complexity of in the machine windings. Therefore, 

by using the same concept proposed by Dorrell, a new set of damper windings 

configuration is proposed [102]. 

For reducing UMP through active control methods, additional sets of windings 

are required to produce the pole pair ±1 flux to reduce UMP. In this case, the induction 

machine needs to be redesigned to accommodate the additional windings. For 

example, 10% of the original stator slot is used to wind the auxiliary windings, which 

reduces the power density of the machine [103]. Furthermore, an additional control is 

needed for the auxiliary windings to produce the counteracting flux. Therefore, instead 

of completely negating the UMP, a slip control method is proposed in this thesis to 

reduce the UMP [104]. The minimum UMP will exist at a certain slip due to the non-

linear UMP-slip characteristic in induction machines. Hence, the induction machines 

can be controlled to operate at the optimum slip to reduce the UMP. 

2.6.4 Reducing the UMP by using slip control method 

To control the rotor slip, a variable frequency drive is needed. Although only 

around 20% of the induction machines are supplied with a variable frequency drive 

[105], nearly 90% of the electric motor drive systems in industrial application is the 

cage rotor induction machines. Previous research and development has improved the 
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efficiency of induction machines through slip optimisation [106], [107].  The increase 

in efficiency is achieved by changing the magnetising flux of the machine, so that the 

copper losses and the iron losses can be balanced. Also, the low power factor problem 

of a lightly-loaded induction machine can be solved by using the slip control method 

[108], in which reactive power is varied with the changing of active power. 

Slip control not only improves the efficiency of the induction, but can also be 

used to reduce the UMP. Reducing UMP through the slip control method can be 

achieved by balancing the UMP caused by the magnetising flux and the UMP caused 

by the higher space harmonics flux. The UMP reduction percentage of a machine is 

based on the machine’s optimum operating slip and the load of the machine. Each 

machine has its own optimum operating slip in minimising the UMP, which is 

machine-parameters dependent.  

The UMP caused by the magnetising flux is much larger than the UMP caused 

by the higher harmonics flux when the machine operates close to its synchronous 

speed. Then, loading the machine would increase the UMP caused by the higher 

harmonics flux. Therefore, the freedom of balancing the UMP caused by both type of 

flux reduces as the slip increases, in which the percentage of UMP reduction decreases 

when the load increases. This method is more effective in reducing UMP when the 

induction machine is lightly loaded [48]. When implementing the slip control method 

on a specific application, the average load factor of the induction machines need to be 

evaluated. In the European Union, the average load factor of industrial and tertiary 

usage is around 57%; the average load factor of some industries can be as low as 25% 

[2]. Hence, reducing the UMP by using the slip control method could potentially be 

implemented in some of the industries. 

2.7 Eccentricity Detection 

Rotor eccentricity detection is important in calculating UMP, because UMP is 

a function of the airgap magnetic flux, rotor eccentricity, and the machine’s 

dimensions. As the machine dimensions are fixed and the airgap magnetic flux can be 
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calculated from the voltage and current, knowing the rotor eccentricity will help to 

estimate the UMP in induction machines.  

Traditionally, condition monitoring is achieved by using sensors and physical 

hardware to identify the fault [109]. For complex cases, the traditional approach has 

many limitations. It is difficult for the traditional approach to detect a fault in advance. 

One particular sensor used is the search coil, which consists of coils with a number of 

turns to measure the magnetic field variation passing through the coil. It can be used 

to detect the rotor slot number [110]. From the rotor slot frequency, the rotor speed 

can be estimated. The limitation in speed estimation by using the search coil is the 

lower speed limit, because the signal becomes insignificant when the rotor frequency 

drops.  

In [111], the authors proposed a method to measure the eccentricity by using a 

search coil in PWM-inverter fed motors. The reason of using a search coil instead of 

the current detection method is because the high harmonic content produced by the 

inverter would affect the current waveform. Using a search coil to detect eccentricity 

is also shown in [112]. The authors conducted both experimental and simulation work 

with external search coils to detect static eccentricity.  

Motor’s current signature analysis (MSCA) was first implemented for rotor 

eccentricity detection in [35]. The purpose of condition monitoring through the 

electrical side is to implement a low cost detection method. The presence of static 

eccentricity can be estimated by checking the current frequency components caused 

by the eccentric rotor. For axial-varying eccentricity cases, the magnitude of the 

MCSA detection is the same as static eccentricity with constant axial eccentricity, 

where the average eccentricity of the axial-varying eccentricity equals the constant-

axial static eccentricity [38].  

In [113], the author shows that additional current frequency occurs when both 

static eccentricity and dynamic eccentricity exist. Static eccentricity and dynamic 

eccentricity have a cross coupling effect which can produce a current frequency to 

detect rotor eccentricity. The mixed eccentricity case is further analysed by using 
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MWFA in [67]. Experimental work and simulation work with different rotor bars has 

also been carried out by [114]. 

The limitations of MCSA include the eccentric airgap flux that needs to be the 

harmonics of the main pole-pair number in order to detect the frequency components 

of the current. Nandi has further suggested a new current detection method by 

changing the voltage spectra at switch-off [37]. This technique can be used on all 

numbers of cage rotor bars, but is only suitable for a moderate level of rotor 

eccentricity. 

Furthermore, cases with low average static eccentricity are difficult to identify 

with traditional MCSA because there is other noise, such as the bearing vibration and 

additional stress on the bearing may affect the current waveform [38]. The offline 

eccentricity rotor monitoring method is discussed in [115]. The main concept is to use 

the inverter for exciting the motor with a small pulsating AC field superimposed on a 

DC field whenever the motor is at a standstill. The change in the pattern of differential 

inductance versus the DC-field level has been observed as an indicator of eccentricity. 

2.8 Overview 

As mentioned, rotor eccentricity may still occur even in a newly manufactured 

induction machine due to the mechanical tolerance. In addition, 80% of mechanical 

fault in induction machines lead to the occurrence of rotor eccentricity. The UMP 

causes additional mechanical loading on the bearing, which reduces the bearing fatigue 

life.  

Permeance harmonics analysis and FEA are commonly used to investigate the 

airgap flux. Due to the complexity of machine geometry, FEA is good in finding the 

UMP caused by the higher harmonics flux. In addition, FEA can accurately calculate 

the effect of circulating current. However, FEA requires high computational power. 

Hence, new empirical method is proposed in this thesis to solve the problem. 
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Due to the parallel winding in the induction machines that produces 

counteracting flux to reduce the UMP, the cage rotor induction machine has a much 

lower UMP than the wound rotor induction machine. Therefore, the installation of 

damper windings has been proposed by Dorrell in order to reduce the UMP in wound 

rotor induction machines, in which the counteracting flux produced by the damper 

winding could damp the pole pair ±1  magnetic flux. A new damper windings 

configuration based on this idea is also proposed in this thesis. 

For reducing the UMP through active control, it has been shown in the 

magnetic bearing topology that either the pole pair +1 or −1 flux is produced by the 

auxiliary windings to create a radial force on the rotor. Therefore, a slip control method 

is proposed in the thesis to reduce the +1 or −1 flux of the fundamental magnetising 

flux, which will reduce the UMP. 
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3  Analytical Framework for UMP 
Evaluation 

It is known that the uneven magnetic flux distribution around the airgap will 

cause UMP. Therefore, the information of the magnetic flux distribution is essential to 

calculate the UMP. For analytical modelling, the permeance harmonics method is 

commonly used to calculate the magnetic flux distribution around the airgap. 

Assumptions had been made to simplify the analytical calculations for the rotor with 

a low degree of rotor eccentricity. The Maxwell Stress Tensor is then applied on the 

magnetic flux harmonics to calculate the UMP. The airgap flux distribution is verified 

by using FEA. Next, the magnetic flux distribution for different rotor eccentricity is 

investigated by using a blank rotor where the flux distribution will not be influenced 

by the zigzag leakage flux. The percentages of the pole pair ±1 magnetic flux is 

investigated and compared for different rotor eccentricity. Finally, UMP results from 

both FEA and experimental work are compared. 

3.1 Magnetic Permeance  

Permeance harmonics method is applied to calculate the magnetic flux 

distribution of a rotor with eccentricity, as it had been used by Dorrell [92]. The 

magnetic flux distribution around the airgap can be analysed by breaking down the 

magnetic flux into a series of space and time harmonics. Time harmonics are not the 



Analytical Framework for UMP Evaluation 

 30 

primary concern for UMP calculation, because the changes of magnetic permeance 

does not affect the time harmonics of the magnetic flux. The calculation of UMP 

caused by dynamic eccentricity has the same derivation as the static eccentricity, in 

which it is modelled in the rotor rotating reference frame.  

For a concentric rotor, the magnetic flux density around the airgap can be 

written as [104]:  

 ABC, EF = H �IJKBLE + MCFNC
O

PQRO
	 (3-1) 

 � = STSUVWXM 	 (3-2) 

where � is the magnetic flux density, C is the rotor angle, E is the time,  L is 

the angular rotating frequency, M is the pole pair number, V is the current density, WX 

is the magnetic path length, and ST is the effective permeability. The magnitude of the 

magnetic flux density is determined by the current density and the machine parameter, 

as shown in (3-2). The effective permeability of the magnetic flux line is shown: 

 ST = SY
1 + SYB ZWXF

	
(3-3) 

For the magnetic flux flowing in the iron core without saturation, the magnetic 

permeability of the iron core (SY) is assumed to be much higher than the permeability 

of the air. Therefore, the magnetic permeability from (3-3) can be simplified to: 

 ST = WXZ 	 (3-4) 

Substituting (3-4) into (3-2), the magnetic flux path length is cancelled. The 

overall permeability becomes (3-4). This also shows that the magnetic permeability is 

inversely proportional to the airgap length. 
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3.1.1 Airgap length calculation 

 

Figure 3-1 shows the cross section of machine with rotor eccentricity. The 

angle [ is the angle of the narrowest airgap. Assuming that rotor eccentricity is small 

if it is compared to the radius of the rotor, this means that the angle perpendicular to 

the eccentricity angle has the same airgap as an ideally positioned concentric rotor. 

The airgap length derivation is shown in Appendix C [15]. 

From Figure 3-1, the red axis is the centre axis of the rotor, the black axis is 

the centre axis of the stator, and \ is the movement of the rotor that causes rotor 

eccentricity. The calculation of the airgap for an eccentric rotor, Z], is: 

 Z′BC, EF = ZUB1 − _IJKBC − [FF (3-5) 

where ZU  is the mean airgap length and [ is the angle of the eccentricity’s 

direction. The degree of eccentricity, _, is the ratio between the mean airgap length 

and the length of the eccentric rotor misalignment, \. The degree of eccentricity can 

be written as: 

 _ = \ZU (3-6) 

Figure 3-1: Cross section of an eccentric rotor. 

1

�
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The degree of eccentricity and the angle of the narrowest airgap from (3-5) is 

a function of both the static and dynamic eccentricity, which is shown in Figure 3-2.  

The rotor eccentricity caused by the static and dynamic eccentricity are shown 

individually. In all the variables of the equations, the subscript “s” is for static 

eccentricity and “d” is for dynamic eccentricity. The airgap of the rotor with static 

eccentricity is: 

The dynamic eccentricity is a function of the rotor rotating frequency, resulting 

the narrowest airgap to change in time and space. The airgap of a rotor with the 

dynamic eccentricity can be written as (3-8), where LY is the angular frequency of the 

rotor. 

 Z`′BC, EF = ZUB1 − _` IJKBLYE + C − [`FF	 (3-8) 

To acquire the overall eccentricity, the vector of the static and dynamic 

eccentricity need to be added together. An example of the vector summation is shown 

in Figure 3-2, in which the direction of the dynamic eccentricity is a function of the 

rotational frequency, LY.  

                     

Figure 3-2: Vector summation of the degree of static and dynamic eccentricity. 

Choosing the angle of the static eccentricity as the zero reference point:  

 [a = 0	 (3-9) 

 Za′BC, EF = ZUB1 − _aIJKBC − [aFF (3-7) 
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The overall degree of eccentricity can be written in (3-10), which is the vector 

summation of the degree of static and dynamic eccentricity. The [` in (3-10) refers to 

the angle that is relative to the angle of static eccentricity at E = 0. 

 _ = cB_a+	_`cos	BLYE − [`FFg + h_`sin	BLYE − [`Fkg	 (3-10) 

As the angle of the narrowest airgap is also a function of time and rotating 

frequency, the angle of the overall eccentricity will change if dynamic eccentricity 

exists. The angle of the narrowest airgap can be derived as: 

 [ = tanRn _a + _` cosBLYE − [`F_` sinBLYE − [`F 	 (3-11) 

After applying trigonometry simplification on (3-11): 

 [ = otanRn _a_` sinBLYE − [`Fp +
12r − LYE − [`	 (3-12) 

Referring to (3-12), the angle of the narrowest airgap for a mixed eccentricity 

case is a function of the rotational speed and the ratio between the static and the 

dynamic eccentricity. The angle of the narrowest airgap of the machine does not 

change linearly with time. 

3.1.2 Magnetic permeance calculation 

As the stator and rotor core are assumed to have infinite permeability, all the 

MMF of the magnetic circuit drops across the airgap. Therefore, the magnetic 

permeance of the machine is the inverse of airgap. Equation (3-13) shows the magnetic 

permeance, Λ, for an eccentric rotor case [15]. 

 Λ = SUZ′BC, EF = SUZUB1 − _IJKBC − [FF (3-13) 

From [141], the Fourier Series expansion from (3-13) is shown in (3-14) and (3-15). 
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 Λt = SUZU H _tIJKtBC − [F
O

tQRO
	 (3-14) 

 Λt = SUZU√1 − _g v1 + 2Ho1 − √1 − _g_ p
t
IJKBwBC − [F

O

tQn
Fx (3-15) 

where w  is the permeance harmonics number. The normalised magnetic 

permeance magnitude of the constant to 4th harmonics are shown in Figure 3-3. The 

normalised magnitude of the magnetic permeance is found by dividing (3-15) with the 

magnetic permeance of a concentric rotor. 

Figure 3-3 shows that the magnitude of all the magnetic permeance harmonics 

increases with the rotor eccentricity. For the degree of eccentricity below 0.2, the first 

permeance harmonic had shown the most significant increment as the degree of 

eccentricity increased. Hence, assumptions are made to simplify the analytical 

calculation for low degree of eccentricity, which is shown in Sub-section 3.1.3.  

 

Figure 3-3: Normalised permeance harmonic versus degree of eccentricity. 

The increment of the overall magnetic permeance harmonics means that less 

magnetising current is needed to produce the magnetic flux of the machine with the 

constant excitation voltage. However, the leakage inductance is also increased with 

the increment of eccentricity which is an unwanted scenario. Moreover, higher 

magnetic flux on the side with the narrowest airgap in the machine may cause magnetic 
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saturation in the iron core, especially at the tooth region. This magnetic saturation will 

reduce the iron core permeability. The iron core permeability cannot be neglected from 

the effective magnetic permeability formula in (3-3). 

3.1.3 Assumptions 

Two assumptions are made in this Sub-section to simplify the UMP analytical 

calculation for a low degree of eccentricity. The relationship between the magnetic 

permeance harmonics and the UMP is shown in (3-16), which is based on, 1) the 

magnitude of the magnetic permeance harmonics is linearly proportional to the 

magnetic flux, and 2) the UMP is proportional to the multiplication of each pole pair 

harmonics flux with its ±1 sideband flux.   

 yz{ ∝ HΛtΛt}n
O

tQn
	 (3-16) 

The results from the generalised calculation of UMP based on (3-16) is shown 

in Table 3-1. The contribution of the constant and the first normalised permeance 

harmonics toward the UMP calculation is compared with the contribution of all 

normalised permeance harmonics toward the UMP calculation.  

Degree of 

Eccentricity 

Contribution from all 

permeance harmonics 

Contribution from constant 

and first permeance 

harmonic 

Difference (%) 

0 0.000 0.000 0.000 

0.1 0.051 0.050 0.501 

0.2 0.107 0.105 2.020 

0.3 0.177 0.169 4.606 

0.4 0.271 0.248 8.348 

0.5 0.413 0.357 13.393 

0.6 0.651 0.521 19.978 

0.7 1.120 0.801 28.491 

0.8 2.300 1.389 39.623 

Table 3-1: Comparison of results with and without the assumption. 
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Table 3-1 shows that the difference between two cases is relatively small when 

the degree of eccentricity is below 0.2 (2%). In addition, the relationship of the first 

harmonics component and the degree of eccentricity is shown in Table 3-2.  

Degree of 

Eccentricity 

Magnitude of First Permeance 

Harmonic 

Difference (%) 

0 0 0 

0.1 0.1007 0.7563 

0.2 0.2062 3.1036 

0.3 0.3218 7.2996 

0.4 0.4554 13.861 

0.5 0.6188 23.764 

0.6 0.8333 38.889 

0.7 1.1436 63.379 

0.8 1.6667 108.33 

Table 3-2: Assumption of the linear relationship between first permeance harmonic and degree 

of eccentricity. 

Table 3-2 shows that the magnitude of the first permeance harmonic can be 

assumed to be equal to the degree of eccentricity for low degree of eccentricity UMP 

calculation; the error is 3% when the degree of eccentricity is 0.2. Combining both 

assumptions, the error is 6% when the degree of eccentricity is 0.2. From here, two 

assumptions can be made to simplify the model of low degree of eccentricity: 

• Only the interaction between the constant component and the first permeance 

harmonic component is taken into account for the UMP calculation if the 

degree of eccentricity is lower than 0.2. 

• The magnitude of the first magnitude permeance harmonic component is equal 

to the magnitude of the degree of eccentricity  

These assumptions for low degrees of rotor eccentricity have also been used 

by many researchers to simplify the UMP calculation and to aid in the clarity of the 

analytical model [51], [116], [117]. 
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3.1.4 Magnetic flux around the airgap 

The magnetic flux around the airgap can be found by multiplying the magnetic 

permeance with the MMF around the airgap [15]: 

 AP	BC, EF = ΛwJ	 (3-17) 

By applying the assumption in Sub-section 3.1.3, the magnetic flux distribution 

for static and dynamic eccentricity are analysed separately. Equation (3-18) shows the 

magnetic flux around the airgap for the static eccentricity. 

 

 

												AP,aBC, EF = J	IJKBLE + MCF × ΛUh1 + _aIJKBC − [aFk 
																					= APIJKBLE + MCF + 12AP_a cosBLE + BM − 1FC − [aF

+ 12AP_a cosBLE + BM + 1FC − [aF 

 

(3-18) 

Equation (3-19) shows the magnetic flux around the airgap for the rotor with 

dynamic eccentricity, in which the rotating frequency is added into the equation, and 

[` is the rotor position when = 0. 

																							AP,`BC, EF = J	IJKBLE + MCF × ΛUh1 + _`IJKBC − [` + LYEFk 
																												= APIJKBLE + MCF

+ 12AP_` cosBBL − LYFE + BM − 1FC + [`F
+ 12AP_` cosBBL + LYFE + BM + 1FC − [`F	

(3-19) 

The formulas in (3-18) and (3-19) are applicable for all the magnetic flux space 

harmonics. Both equations show that the additional pole pair ±1 flux exists in an 

eccentric rotor. The magnitude of the additional flux is half of the original flux 

multiplied with the degree of eccentricity.  
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3.2 Winding Harmonics 

In an ideal case, the stator and rotor airgap MMF are assumed to be a pure 

sinusoidal waveform. However, in a real case scenario, the stator and rotor windings 

are discretised, which affects the MMF to be a step-sine wave. An example of the 

MMF distribution at an instant of time is shown in Figure 3-4. 

 

Figure 3-4: Comparison between ideal MMF and discretised MMF. 

The MMF step waves can be analysed through Fourier series analysis, which 

divides the waves into a series of higher harmonics sine waves. For a machine with 

symmetrical geometry, the MMF with even space harmonics is zero. In addition, the 

summation of the three-phase MMF of a balanced three-phase voltage source will also 

nullify the magnetic from the 3rd harmonic group. The harmonics orders in the airgap 

are shown in (3-20). 

 w = 2�� ± 1	, �ℎ\�\	� = 1, 2, 3…	 (3-20) 

Distributed windings are used in the induction motors. The harmonics of the 

airgap flux depends on the winding distribution. Single and double layers winding are 

commonly used in the stator winding design. The magnetic flux for each harmonic is 

[118]: 

 Φt = 2rAt �w �	 (3-21) 

The induced EMF for each harmonic is: 

 Et = −√2r�n. ��,tBw�FΦt	 (3-22) 
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The winding factor (��,t) is introduced as a ratio between the magnetic flux of 

the specific winding design with the single-layer full pitch non-skewed integer slot 

winding with the same number of turns and slots per pole per phase [119]. The winding 

factors are the product of the pitch factor (�P), distribution factor (�`), and the skewed 

factor (�a�). 

 ��,t = �P. �` . �a�	 (3-23) 

The pitch factor is the vector sum of the induced EMF of two sides of the coil 

which is shown in Figure 3-5, where � is the EMF produced by one coil, �� is the 

resultant EMF, w  is the space harmonics number, and θ�  is the angle difference 

between the EMF of the calculated coil and the full-pitch coil. (3-24) shows the 

formula for the pitch factor. The maximum pitch coil factor is seen when the angle 

difference is 180o where it is the full pitch coil. 

 

 

Figure 3-5: Resultant EMF of a short pitch coil. 

 �P = cos	�w2 θ��	 (3-24) 

The distribution factor is the ratio of the actual voltage obtained to the possible 

voltage of a concentrated coil in a single slot. The distribution factor is illustrated in 

Figure 3-6, where the magnitude and the direction of the arrows represent the vector 

of the EMF. The formula of the ratio can be written as (3-25), where � is the number 

of slots per pole per phase and �  is the number of slots per pole. The maximum 

distribution factor could be achieved if a concentrated coil is used, where all the coils 

are bunched in one slot. However, the distribution of the coils needs to be placed in 

adjacent slots to achieve a smoother sinusoidal wave in the airgap. 

� 

�� 

θ� 
� 
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Figure 3-6: Phasor summation of the EMF in the distributed winding.  

 				�` 			= �z�	�wN�I\N	�w	N�KE����E\N	��wN�wZ�z�	�wN�I\N	�w	Eℎ\	IJwI\wE��E\N	��wN�wZ 

=	 {ℎ�KJ�	K����E�Jw	J�	Eℎ\	�z����Eℎ�\E�I	K����E�Jw	J�	Eℎ\	�z� 

																																										= 	 �A������ + A������� + ����������������  

																																	�` 			= sin ��
r2��

�	sin � r2��
	

 

 

 

 

(3-25) 

Then, the skew factor needs to be taken into account when an angular twist on 

the stator or rotor is applied. The skew factor is the ratio of the EMF induced in a skew 

conductor to the EMF induced in a non-skewed conductor. A skewed rotor is often 

used in a cage rotor induction machine. One of the purposes in skewing a rotor is to 

reduce the side effect from the stator slots harmonic flux, in which the angular shift in 

the rotor bar could reduce the induced EMF from the stator slot harmonics flux. To 

completely negate the effect from the stator slot flux harmonics, the rotor can be 

skewed by a stator slot pitch. The skew factor is shown in (3-26), where ς is the 

skewing in electrical angle.  

 �a� = sin �w
ς2�w ς2 	 (3-26) 
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For the 2D simulation, the skew factor is not under consideration. Therefore, it 

is assumed that the skew factor is 1. The winding factor for each machine in the thesis 

is shown in Table 3-3. 

         Harmonic 

Machine 
1st 5th 7th 11th 13th 

1, 3 0.96 0.22 0.18 0.18 0.67 

2 0.95 0.23 0.64 0.75 0.42 

4 0.97 0.26 0.26 0.97 0.97 

Table 3-3: Different harmonics of the winding factor for each induction machine. 

3.3 Carter Factor    

The airgap variation from the slot openings could not be neglected because the 

airgap in an induction machine is small. The slot opening causes the changes in the 

airgap magnetic permeance.  

The stator slot opening can cause vibration but it has little influence on the UMP 

created by the rotor eccentricity [40]. Therefore, the vibration UMP caused by the 

stator slots opening is not considered in the thesis. However, the stator slot opening 

can cause the increment of the effective airgap [118]. To obtain the effective airgap 

length, the Carter Coefficient is applied on the original airgap, which is shown in 

(3-27). The Carter Coefficient is a simplified ratio of the effective airgap length and 

the original airgap length [120].  The increment of an effective airgap will affect the 

degree of eccentricity calculation from (3-6).  
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 ZUT   = �¡ 	ZU	 (3-27) 

 �¡ = �¢�¢ − £�¢	 (3-28) 

Equation (3-28) shows the Carter Factor. As £�¢ in (3-28) is a positive value, 

the Carter Factor is a number that is larger than one. From (3-27), the effective airgap 

length is the product of the Carter Factor with the mean airgap length. Therefore, slot 

opening will increase the effective airgap length. As the magnetic flux crossing from 

the stator slot is relatively smaller than the stator teeth, the variable £ is applied to the 

length of the slot opening length. The reduction ratio £ is derived as: 

 

£ =
�¢	ZU

5 + �¢	ZU
	 (3-29) 

   

�¢ 
�¢ 
£�¢ 

Figure 3-7: Distribution of airgap magnetic flux in a stator slot pitch span. 

	ZU 
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3.4 UMP Calculation 

After understanding the magnetic flux density around the airgap, the UMP can 

be calculated by finding the force around the rotor or the stator with Maxwell Stress 

Tensor [92]. The Maxwell Stress Tensor expression for the normal force acting on the 

round surface is shown in (3-30), and the tangential force is shown in (3-31). 

 £t = �tg − ��g2SU  (3-30) 

 £� = �t��SU 	 (3-31) 

The tangential component of the Maxwell Stress Tensor is used in torque 

calculation. When the machine is running at no load, the �� is almost zero, so it is 

negligible [93].  Even when the machine runs at full load, �� is also much lower than 

�t. This is because the induction machine has a small airgap and the permeability of 

the stator and rotor iron core is higher than the airgap. So, most of the flux crosses the 

airgap normally. As the �� and �t in the normal stress component shown in (3-30) has 

a power of 2, the �� can be neglected when  �� << �t. 

The UMP can be calculated by integrating the Maxwell Stress Tensor around 

the airgap [92]: 

 yz{ = ¥ ¥ £t¦
U �	NCN�g§

U 	 (3-32) 

Let the UMP component exerted on the rotor to be divided into X- and Y-axis 

components, the Y-axis component is: 

 yz{¨ = ¥ ¥ £tg§
U �	IJKC	NCN�¦

U 	 (3-33) 

The X-axis component is: 

 yz{© = ¥ ¥ £tg§
U �	K�wC	NCN�¦

U 	 (3-34) 
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Equations (3-33) and (3-34) show the surface integration around the rotor 

surface. The IJK	C and K�w	C show the direction of the magnetic flux. The UMP for 

static eccentricity in the Y-axis direction derivation is shown in (3-35) to (3-38): 

 yz{a¨ = ��2SU¥ ª�IJKBLE + MCFg§
U
+ 12�_ cosBLE + BM + 1FC + [aF
+12�_ cosBLE + BM − 1FC + [aF«

g cosBCF NC	
(3-35) 

 															= ��2SU¥ ¬12�gIJKgBLE + MCF
g§
U
+ 12 _g�gIJKgBLE + BM + 1FC + [aF
+ 12 _g�gIJKgBLE + BM − 1FC + [aF
+ _�gIJKBLE + MCFIJKBLE + BM + 1FC + [aF
+ _�gIJKBLE + MCFIJKBLE + BM − 1FC + [aF
+ 14 _g�gIJKBLE + BM + 1FCFIJKBLE + BM − 1FCF® cosBCF NC	

 

 

 

 

(3-36) 

The 1st, 2nd, 3rd and 6th components in (3-36) are zero after integration: 

 		yz{a¨ = ��2SU¥ ¬12 _�gIJKB2LE + B2M + 1FC + [aF + 12 _�gIJKB−C − [aF
g§
U
+ 12 _�gIJKB2LE + B2M − 1FC + [aF + 12 _�gIJKBC + [aF®	cosBCF NC	

(3-37) 

The 1st and 3rd components in (3-37) are zero after integration: 

 												yz{a¨ = ��2SU¥ ¯_�gIJKBC + [aF°	cosBCFg§
U NC	  

 													= ��2SU¥
12 ¯_�gB	cosB[aF + cos	B2C + [aF°	

g§
U NC 

																										=	§Y¦g±² _�g cosB[aF	

 

 

(3-38) 
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Derivations from (3-35)-(3-38) only consider the interaction between the magnetic 

flux with the same rotating direction. For the interaction between the opposite 

rotational flux, (3-37) becomes: 

 		yz{a¨ = ��2SU¥ ¬12 _�gIJKhB2M + 1FC + [ak + 12 _�gIJKB2LE − C + [aF
g§
U
+ 12 _�gIJKhB2M − 1FC + [ak + 12 _�gIJKB2LE + C + [aF®	cosBCF NC 

																		=	§Y¦g±² _�g cosB2LE + [aF	

 

 

(3-39) 

The total UMP is contributed by the magnetic flux from each space harmonic, as 

shown in (3-40)-(3-43). The Y-axis UMP for static eccentricity: 

 yz{a¨ = r��2SUH_��g¯cosB[aF + cosB2LE + [aF°
O

PQn
	 (3-40) 

The X-axis UMP for static eccentricity: 

 yz{a© = r��2SUH_��g¯sinB[aF + sinB2LE + [aF°
O

PQn
	 (3-41) 

The Y-axis UMP for dynamic eccentricity: 

 yz{̀ ¨ = r��2SUH_��g¯IJKBLYt + [YF + IJKB2BL + LYFt + [`F°
O

PQn
	 (3-42) 

The X-axis UMP for dynamic eccentricity: 

 yz{̀ © = r��2SUH_��g¯K�wBLYt + [YF + K�wB2BL + LYFt + [`F°
O

PQn
	 (3-43) 

The [a and [` are the summations of the angle between the narrowest airgap 

and the angle between the AP±n with AP when E = 0. If there is no interaction between 

the rotor and stator flux, the AP±n  is always in-phase with AP  when E = 0 . The 

interaction between stator and rotor flux is discussed in the Sub-section 4.1.1. 
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From (3-40)-(3-43), the UMP can be divided into two parts: constant 

component and 2-times supply frequency component. The constant component of the 

UMP is caused by the interaction between two magnetic flux with the same rotational 

direction. The 2-times frequency component is produced by the interaction between 

two fluxes with the opposite rotational direction. If the entire magnetic circuit in the 

induction machine is series connected, the fundamental backwards rotational flux will 

be damped.  

3.5 Finite Element Method 

3.5.1 Introduction 

FEA calculates electromagnetic problems through subdividing the geometry of 

the induction machine into smaller parts, which is called as finite elements. This 

process is time-consuming and requires significant computational power. An electrical 

machine involves interchanging electrical energy and mechanical energy. The 

relationship is explained by Maxwell’s equation which is used in FEA to find the 

approximate solutions for the discretised finite elements. The set of four Maxwell’s 

equations is shown in (3-44)-(3-47) [121]. 

Faraday’s law of Induction: 

 ∇ × � = −´�́E 	 (3-44) 

Ampere’s Circuital Law: 

 ∇ × � = SU ª� − \U ´�́E «	 (3-45) 

Gauss’s Law: 

 ∇ ∙ � = − ¶\U	 (3-46) 

Gauss’s Law of Magnetism: 

 ∇ ∙ � = 	 (3-47) 
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For Ampere’s circuital law in (3-45), the displacement current is neglected for 

the electrical machine simulation, because the electromagnetic propagation is 

neglected where the electromagnetic field is quasi-static. From (3-47), the magnetic 

potential, 	, is introduced where the divergence of the curl of a vector becomes zero. 

This relationship can be written as [121]: 

 � = ∇ × 		 (3-48) 

The electromagnetic quantities are related to the material properties. Equation (3-49) 

shows the magnetic properties and (3-50) shows the electrical properties. 

 � = S	9	 (3-49) 

 � = £	. �	 (3-50) 

Equation (3-49) and (3-50) are used to find the magnetic field intensity and the current 

density of the material. From (3-48), the Faraday’s Law of Induction can be simplified 

into (3-51). 

 � = −´	́E + ∇	-	 (3-51) 

3.5.2 Simulation setup 

For solving the induction machine problem, two types of conductors are used 

in the FEA modelling: 1) A solid conductor (the conductive material is in the 

computational domain, which is used for cage rotor bars), and 2) a stranded conductor 

(the current is assumed to be evenly distributed along the coil, which is used in the 

stator winding of both type of induction machine and also the rotor winding of wound 

rotor induction machine). The current density formula is based on the type of 

conductor, which is shown in (3-52) and (3-53) [122]. 

 Stranded conductor:     � = ·	¸
¢¹ 	 (3-52) 

 Solid conductor      : 					� = −! º	º� + !B∇	-F	 (3-53) 
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As the rotor current of the induction machine is induced by the stator flux and 

the existence of parallel paths in the induction machine, a time-stepping simulation is 

chosen to simulate the dynamic behaviour of the induction machine. This is because 

the static simulation or time harmonics simulation could not be precisely used to 

calculate the UMP. Open source software, such as FEMM, is not suitable to acquire 

the UMP. Therefore, an alternative software, Infolytica MagNet was used for the FEA 

simulations.  The time-stepping simulation can calculate all the steady-state solution, 

which also includes the non-sinusoidal profile affected by the machine’s geometry 

[123]. As an eccentric rotor causes uneven airgap that causes more harmonic contents 

of magnetic flux in the airgap, the time-stepping simulation is used in all the 

simulations to calculate the fundamental and the harmonic field distribution.  

The 2D FEA analysis is used in this thesis. It is assumed that the Z-axis, which 

is the machine axial direction, is constant. The main advantage of using 2D FEA is to 

reduce the computational time. A longer computational time is needed for simulating 

a machine with rotor eccentricity because rotor eccentricity could not be analysed by 

using the symmetrical characteristics, in which a fraction of the whole machine is 

analysed in the symmetric machine. This is because the asymmetrical airgap causes 

additional magnetic flux harmonics induced in the rotor.  

However, the end winding resistance and reactance are not accounted for the 

2D FEA. Therefore, end winding resistance and inductance need to be added to the 

circuit as a lumped resistance and inductance to improve the accuracy. Other than this, 

the skewed cage rotor effect cannot be introduced into the 2D FEA. To simulate a 

skewed cage rotor more accurately, a multi-slice 2D FEA method is used. The rotor 

angle is different for each slice, but the rotor circuit for every slice is connected.  

For the meshing of the FEA, the size of the mesh depends on the geometry and 

the material complexity. The airgap has the smallest mesh size because of the high 

energy stored. As the rotor is a moving part and the stator is a stationary part, the 

continuity of vector potential between the interfaces of the stator and the rotor needs 

to be created [124]. The airgap needs to be re-meshed at every time step in order to 

solve the problem.  
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To reduce the computational time, the moving-band technique is used, in which 

an additional layer is added in between the stationary part and the rotational part. 

Therefore, the airgap is divided into 3 sections which is shown in Figure 3-8. The 

moving band layer is re-meshed for every single position, which prevents the whole 

airgap re-meshed every time step when the rotor rotates.  

               

Figure 3-8: Meshing of the airgap in 2D FEA. 

The summary of the induction machines used in the thesis is shown in Table 

3-4. The rated voltage for all four 3-phase induction machines is 415 V at 50 Hz supply 

frequency. Machine-2 is modelled based on the induction machine used during the 

experimental work. The detailed specifications are shown in Appendix A.  

No. Machine Type 
Pole 

Number 
Power Rating Rated Slip 

Mean Airgap 

Length 

1 Cage Rotor 4 7kW 0.05 0.5mm 

2 Cage Rotor 8 5.5kW 0.05 0.9mm 

3 Wound Rotor 4 7kW 0.05 0.5mm 

4 Wound Rotor 8 5.5kW 0.05 0.5mm 

Table 3-4: Simulated machines. 

The reasons of selecting these machines are: 1) Investigations on both the cage 

and wound rotor induction machine are made in this thesis, which including their UMP 

characteristic and methods to reduce UMP, 2) the pole number of 4 and 8 is the popular 

pole number in the industry. Then, the overview of the usage of the four induction 

machines and the type of analysis are shown in Table 3-7.  

Stator 

Rotor 

Moving-band layer 

Stator airgap 

Rotor airgap 
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3.5.3 Creating rotor eccentricity 

For the induction machine with static eccentricity, the rotor rotates at its own 

centre axis but not at the centre of the stator bore. The static eccentricity can be created 

by shifting either the stator or rotor to a new position. After shifting the stator or rotor, 

the stator or rotor airgap layers need to be redrawn because the movement creates an 

uneven airgap. If the rotor is shifted to create static eccentricity, a new centre of 

rotation needs to be set at the centre of the rotor. Figure 3-9 shows the machine with 

rotor eccentricity in 2D FEA, in which the uneven airgap is illustrated. 

For the induction machine with dynamic eccentricity, the rotor rotates at the 

centre of the stator bore axis but not on its own axis. To create the dynamic 

eccentricity, it is accomplished in the same way as for static eccentricity, in that either 

the stator or the rotor can be shifted and the stator airgap layer needs to be redrawn. 

However, the rotor’s centre of rotation is set at the centre of the stator bore. In addition, 

the rotor movement will create a hole in the airgap that causes an error in the simulation 

because there is no material property assigned to that hole. Hence, an additional layer 

of air needs to be added that partially overlap the airgap of the rotor region to solve 

this problem.  

 

Figure 3-9: Creating 50% eccentricity of static or dynamic in 2D FEA 
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3.6 Experimental Setup 

The experiment was carried out on an 8-pole 5.5 kW cage rotor induction 

machine (Machine-2). Figure 3-10 illustrates the overview of the experimental setup.  

 

The induction machine is supplied with a three phase inverter. For the 

experiment, the induction machine was tested as a motor. The permanent magnet 

machine acts as a mechanical load, which is connected to the rotor via a torque 

transducer. The benefit of using permanent magnet machine is that the machine is self-

excited. The rotational speed of the permanent magnet machine is proportional to the 

voltage induced in the stator windings. Then, the permanent magnet machine is 

connected to a load bank to damp the energy generated by the permanent magnet 

machine.  

The stator and rotor need to be separated in order to measure the net attraction 

force or the UMP between them. The end-cap of the induction machine was removed 

Inverter 

Permanent 

Magnet 

Machine 

Induction 

Machine 
 

Force Plate 

Load Bank 

Torque 

Transducer 

Speed & Torque Meter 
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to separate the rotor and the stator. The original bearing on the rotor was used without 

any modification. The rotor was then mounted on a test rig with a new bearing holder. 

The stator was bolted on top of the force plate to receive the measurement. Then, the 

force plate under the stator will measure the reaction force on the stator. The results 

from the force plate were then sent to the charge amplifier and data acquisition system. 

The received data was sent from the data acquisition system to the computer. The data 

was recorded and analysed in the computer using, DynoWare, a Graphical User 

Interface software developed by Kistler. 

The overall setup for the experimental work is shown in Figure 3-11. The specification 

for each apparatus is shown in Appendix B.  

Figure 3-12 illustrates the side view of the test rig. The three parts of the test rig 

were aligned by using shims. However, some misalignment may still be present. 

Therefore, Oldham couplings were used between the permanent magnet machine, the 

torque transducer, and the rotor of the induction machine to allow for some flexibility. 

Permanent Magnet Machine 

Torque Transducer 

Induction Machine 

Force Plate 

Figure 3-11: Experimental work setup. 
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The flexible coupling could allow some small misalignment, and could damp the 

vibration force between each component. In addition, a slight misalignment at the rotor 

needed to be created by putting shims underneath it in order to produce the static 

eccentricity. The misalignment created from the static eccentricity should remain 

under the tolerance of the Oldham coupling.  

 

Figure 3-12: Side-view of the test rig. 

3.6.1 Static eccentricity 

Static axial-constant eccentricity was tested in all of the experiment works in 

this thesis. The static eccentricity is created by placing the shims under the two bearing 

holders on each side. This would create a static eccentricity in a vertical direction. The 

static eccentricity created will depend on the thickness of the shims. Two of the shims 

used are shown in Figure 3-13. The setup to create a static eccentricity is shown in 

Figure 3-14. 

 
Figure 3-13: Shims.  
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Figure 3-14: Experimental setup with static eccentricity. 

After examining the airgap length by using a feeler gauge, the bearing holder 

of the rotor is bolted down to the test rigs. As four bolts were needed to be bolted after 

the static eccentricity was set, the alignment will be shifted if the bolts are fully 

tightened separately. Therefore, the bolts needed to be tightened in a sequence with 

increasing torque. 

The disadvantage of the test rig design is its low stiffness in the horizontal 

direction, which is sensitive to horizontal forces. If the rotor is slightly misaligned 

toward the horizontal direction, UMP will cause the eccentricity to be further increased 

in the horizontal axis direction. This scenario is unavoidable because the structure of 

the test rig is not specifically made for force measurement. Therefore, special care 

needed to be taken when running the test.  

Clock gauges were installed to measure the horizontal movement. The two clock 

gauges were attached to the rotor stand, which is shown in Figure 3-15. A small metal 

plate was mounted on the stator so that the clock gauge has a smooth surface to 

measure the movement. The clock gauges could measure the relative distance between 

the stator and rotor. When running the experiment, the clock gauge was used to verify 

that the horizontal movement of the rotor is within the acceptable range.  

Bearing Holder 

Shim 

Stator 

Rotor 
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Figure 3-15: Clock gauge setup. 

3.6.2 Force measurement 

The UMP exerted on the bearing is the force that needs to be measured. As the 

UMP is the net attraction force between the stator and rotor, the stator and rotor were 

separated in order to measure the force exerted on the bearing.  Therefore, after 

separating the stator and rotor, they were mounted on a different platform, where the 

stator was mounted on the force table and the rotor is mounted on an external stand. 

From Newton’s third law, the reaction force from the stator was the same as the rotor. 

The main reason that the force measurement was taken from the stator is that the rotor 

was coupled to other moving parts, such as the torque transducer and the permanent 

magnet machine. The imperfect coupling and the vibration of other moving 

components may cause more noise in the force measurement.   

The force table was made with a thick aluminium plate and four force sensors. 

The force sensors were mounted on the aluminium plate, which acting as the legs of 

the force table. The signal from each force sensors was processed to find the force 

from three different axes and the moment force as well. The dimension of the 

aluminium top plate was 500 mm x 500 mm x 60 mm. The length and width of the top 

plate depend on the size of the induction machine. Meanwhile, the thickness of the top 

plate depends on its material and length. The selection of the dimension of the force 

plate was based on Figure 3-16, which shows the minimum thickness from the force 

sensor datasheet. This is to prevent the natural frequency of the table within the 

measurement frequency. 
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Figure 3-16: Thickness of top plate [125]. 

The two most widely used sensors were the piezoelectric sensors and the strain 

gauges force sensors. Piezoelectric sensors rely on a crystal that produces an electrical 

charge proportional to the acting force. For the strain gauge force sensors, the force 

was measured by the strain gauge, which extends proportionally to the acting force. 

The changing of the strain gauge would result in the changing of electrical resistance. 

 

Figure 3-17: Concept of the piezoelectric sensors. 

The sensors that were used in the experimental work were the piezoelectric 

sensors. The model used is Kistler 9366C, which can measure forces up to 25 kN. The 

piezoelectric materials in the sensors produce positive or negative electrical charges 

when a force was acting on it. The charge generated was proportional to the force 

acting on it. The concept for one axis is shown in Figure 3-17. The force sensor also 

has a high natural frequency that is required for highly dynamic force measurement. 

However, the charge produced by the piezoelectric sensor is too small to be 

measured. The charge amplifier was used to amplify the negative charge from the 
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piezoelectric sensor into a high positive voltage that is proportional to the charge. 

Therefore, the sensor has a negative sensitivity. The charge amplifier used in the 

experiment was the Kistler 5070A model, as shown in Figure 3-18. As UMP 

measurement from static eccentricity was tested, the charge amplifier’s maximum 

frequency of 45 kHz was more than enough.   

 

Figure 3-18: Kistler 5070 charge amplifier. 

The Kistler 9366C is a set of four 3-component force sensors. The three signals 

from each sensor is sent to Kistler 5070. The three orthogonal forces (�©,	�̈ , �») and 

the three moments (z©,	z¨,	z») were calculated. The moments (z©,	z¨,	z») are not 

used in the UMP measurement because torque is not produced by the UMP. Based on 

the labelling of the force sensor in Figure 3-19, the calculation of the orthogonal forces 

(�©,	�̈ , �») can be written as (3-54)-(3-56), where the subscript addend in the formula 

is for the force signal added before it is sent to the Kistler 5070. For example, in (3-54), 

the �©n}g   is used because the distance between the first and the second sensor is 

parallel to the X-axis, so, the X-axis force of the both sensors are the same, in which 

they are added before they were sent to the Kistler 5070.  

 �© = �©n}g + �©¼}½	 (3-54) 

 �» = �»n}¼ + �»g}½	 (3-55) 

 �̈ = �̈ n + �̈ g + �̈ ¼ + �̈ ½	 (3-56) 
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Figure 3-19: Force sensor distribution on the force table. 

Figure 3-20 shows the cross-section of the induction machine with an eccentric 

rotor; the rotor eccentricity is set in the direction of the Y-axis. If the end winding 

leakage flux that crosses the airgap from the stator frame is neglected, the Z-axis force 

can be ignored, because all the magnetic flux that crosses the airgap is perpendicular 

to the Z-axis. In this thesis, �̈  is also named as the vertical force, and �© is named as 

the horizontal force. 

             

Figure 3-20: Cross-section of the induction machine in test. 
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3.6.3 Verification of the force measurement 

Precise measurement of the UMP from the force plate is important to receive 

accurate experimental results. Verifications of the force plate had been done on the 

force plate in this subsection. In the first verification, the weight was placed at different 

sides of the plate. The weight (Y-axis force) is assumed to be perpendicular to the X-

axis and the Z-axis, in which the force of the X-axis and Z-axis are zero. A calibrated 

10 kg (98.1 N) weight was used. The 10 kg weight was placed on the 5 position 

(marked in blue), which is illustrated in Figure 3-21. The measurement results at each 

position are shown in Table 3-5. The results show that the error of the measurement 

was less than 0.4%. It can be concluded that the position of the applied weight on the 

force plate does not affect the measurement results. 

 

Figure 3-21: Position of the weight placed on the force table. 

No. Fy1 (N) Fy2 (N) Fy3 (N) Fy4 (N) 

Sum of 

individual 

forces (N) 

Error (%) 

1 46.87 6.50 -0.380 45.07 98.06 0.0398 

2 79.95 -24.98 -0.075 43.08 97.97 0.128 

3 6.35 41.17 0.017 50.86 98.39 -0.302 

4 49.04 -35.77 0.098 85.09 98.46 -0.365 

5 52.92 34.92 0.003 10.17 98.01 0.088 

Table 3-5: Summary of the measurement of each force sensor. 
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In the second verification, as the UMP caused by static eccentricity, which is a 

static force, will be measured in this thesis. The European Standard of ISO 7500-1 was 

used to verify the static uniaxial force in the force measuring system [126]. The five 

tests conducted in the ISO 7500-1 are: 

 

1) Relative resolution (�), the percentage of the measuring resolutions. 

 � = �\KJW�E�Jw¾wN�I�E\N	�J�I\ × 100	 (3-57) 

2) Relative zero error (�U), the error when the force plate is not loaded. 

 �U = ¿\�J	�J�I\	�\�K��\�\wEz�À����	��W�\	J�	I�W����E\N	��wZ\ × 100	 (3-58) 

3) Reversibility error (�), the difference between the values obtained with 

increasing and decreasing force at the same reference force.  

 � = �wI�\�K�wZ	�J�I\ − N\I�\�K�wZ	�J�I\�\�w	J�	�JEℎ	�J�I\K × 100	 (3-59) 

4) Relative indication error (�), the error between the measured value and the 

reference value, where � is the force and sub-script w is the number of tests 

from 1 to 3. 

 �t = �XT�a�YT`,t − �YT TYTt�T,n�YT TYTt�T,t × 100	 (3-60) 

 � = �n + �g + �¼3 	 (3-61) 

5) Repeatability error (�), the error between the reading in the same test.  

 � = �X�©ÁX�X − �XÁtÁX�X	 (3-62) 
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The maximum permissible value for each class under the ISO 7500-1 Standard 

is shown in Table 3-6. Therefore, from the results taken in the test of the force plate, 

it falls under the category of Class 0.5. This means that the force plate had been 

calibrated with the highest standard. 

Class of 

machine range 

Maximum permissible value (%) 

� � � �U � 

0.5 ±0.5 ±0.5 ±0.75 ±0.05 0.25 

1 ±1.0 ±1.0 ±1.5 ±0.1 0.5 

2 ±2.0 ±2.0 ±3.0 ±0.2 1.0 

3 ±3.0 ±3.0 ±4.5 ±0.3 1.5 

 Results of the tested force plate (%) 

0.5 +. ÃÄ +. Å −. ÆÇ +. Æ Ä × ÅRÄ 

Table 3-6: Characteristic values of each class and the results of the tested force plate. 

3.6.4 Rotor 

High precision in creating a rotor eccentricity is needed to get an accurate 

result. As the airgap of the machine is small, the measurement error from the feeler 

gauge has a significant impact on the actual static eccentricity applied. A slight 

mechanical misalignment due to the tolerance of the feeler gauge will increase the 

degree of eccentricity.  

Therefore, skimming the rotor is essential to minimise the influence of the 

mechanical tolerance of the feeler gauge. 0.4 mm was skimmed off the rotor surface 

to increase the mean airgap length from 0.5 mm to 0.9 mm. The 8-pole machine usually 

has a smaller airgap to reduce the magnetising current. The no-load magnetising 

current was increased from 3 A to 5.4 A. From Figure 3-22 and Figure 3-23, the rotor 

slots had been changed from closed rotor slots to open rotor slots. The changes in rotor 

slots may also affect the characteristic of the higher flux harmonics.  
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Figure 3-22: Rotor before skimming. 

 

Figure 3-23: Rotor after skimming. 

3.6.5 Inverter 

A three-phase power supply was connected to the induction machine through 

an inverter. A Hitachi SJ200 inverter was used in the experiment. The inverter has a 

power rating of 7.5 kW. The output waveform of the inverter was a Sinusoidal Pulse 

Width Modulation waveform. Although there is a lot of higher harmonics content in 

the waveform, electrical machines with a high number of stator turns naturally act as 

a low pass filter. Therefore, the flux induced by the higher harmonics voltage is 

negligible. 

 By using the inverter, the amplitude and frequency of the excitation voltage 

can be varied. In addition, the inverter could also prevent the inrush current during the 

induction machine startup. The inverter can run in either scalar control or vector 

control. Sensorless close loop control is not chosen to be used in the experiment 

because the excitation frequency needs to be fixed when comparing of the UMP at a 

different rotor slip. 
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3.6.6 Harmonics analysis of the measurement results 

In the UMP analytical model from (3-40), the UMP consists of 2 different 

components: the constant component and the 2-times supply frequency component. 

When taking the UMP results from the experimental work, the force measurement also 

includes the force from the vibration of the test rig which was caused by the mechanical 

coupling from the induction machine to the permanent magnet machine. In addition, 

there was also some minor force from the environment. Therefore, Fast Fourier 

Transform (FFT) was used to extract the force measurement data to get the UMP 

caused by the rotor static eccentricity.   

 

Figure 3-24: UMP of 50% static eccentricity at no-load with 0.5 pu rated voltage. 

For the experimental work, the UMP of Machine-2 with 50% static eccentricity 

at no-load with 0.5 p.u rated voltage and 50 Hz supply frequency is shown in Figure 

3-24. Then, the FFT analysis of the results in Figure 3-24 is demonstrated in Figure 

3-25. The FFT analysis had shown that the dominant force component is at 0 Hz, which 

represents the constant component of the UMP. The 99.93 Hz component represents 

the 2-times supply frequency component. Due to the reason that the induction machine 

was supplied with an inverter, there was a slight error which caused the supply 

frequency to be a bit lower than 50 Hz. 
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Figure 3-25: FFT for the UMP in Figure 3-24. 

From Figure 3-25, the 12.47 Hz is the rotor rotational frequency. It shows that 

the machine was running close to synchronous speed, in which the synchronous 

rotating frequency of an 8-pole machine is 12.5 Hz. The other frequencies of 38.06-

Hz, 50.72 Hz, 76.12 Hz, and 101.4 Hz are the harmonics of the rotor rotational 

frequency. From the analytical calculation, the rotor rotational frequency was caused 

by dynamic eccentricity. However, the result shown is the UMP of a rotor with static 

eccentricity. There are two reasons that may have caused this scenario: 

• Slight dynamic eccentricity in the bearing: the � ± Å magnetic flux caused by 

the dynamic eccentricity was not damped at zero slip. 

• Mechanical coupling: There are two flexible couplings in the system, where 

the induction machine was coupled to the torque transducer, and the torque 

transducer was coupled with the permanent magnet machine.  

Figure 3-26 shows the FEA simulation results of the 50% static eccentricity at 

no-load with 50% rated voltage and 50 Hz supply frequency. The FFT analysis of the 

results in Figure 3-26 is shown in Figure 3-27. 
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Figure 3-26: FEA of Machine-2 with 50% static eccentricity at no-load. 

 

Figure 3-27: FFT analysis for Figure 3-26. 

The UMP results from FEA are shown in Figure 3-26. FFT analysis is 

performed to analyse the harmonic components in the FEA results. From the FFT 

analysis in Figure 3-27, it shows that the main component of the UMP produced by 

the static eccentricity is the constant component (0 frequency component).  

Comparing Figure 3-25 and Figure 3-27, although the constant component of 

the experimental results and the FEA results are comparable, the 100 Hz component 

in the FEA result is much smaller. This is because the 100 Hz component is due to the 

interaction between the backward rotating flux with the forward rotating flux. Ideally, 

the backward rotating flux will not occur, when the supplied voltage and the 
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magnetisation of the machine are balanced. Therefore, the 100 Hz for the experimental 

result was higher than the FEA. 

This section has shown that the UMP with 2-times supply frequency is almost 

negligible. Therefore, when analysing the UMP for the machine with static 

eccentricity, only the constant component of the UMP is considered.    

3.6.7 UMP measurement 

After setting up the test rigs, the UMP with different degrees of eccentricity 

were tested in this section to validate the reliability of the test rigs; Machine-2 was set 

to operate at 50% rated voltage and 50 Hz supply frequency. The major frequency 

component of the static eccentricity UMP is the zero frequency component or the 

constant force. By using FFT analysis, the zero frequency component of each case was 

extracted and is presented in Figure 3-28.  

Figure 3-28 shows that there was a small amount of UMP when the rotor was 

set at 0 degree of eccentricity. This scenario is hard to be avoided due to the tolerance 

of the feeler gauge and the mechanical error during the setup. Overall, the graph shows 

that the UMP increases as the degree of eccentricity increases, which correlates with 

the analytical study shown in Section 3.4. 

 

 

Figure 3-28: UMP at different degree of eccentricity. 
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3.6.8 Comparison between vertical and horizontal force  

As was discussed in Sub-section 3.6.2, the horizontal force (X-axis force) 

would change the rotor eccentricity in the horizontal direction because the test rig has 

low stiffness in the horizontal direction. The change in the distance between the stator 

and the rotor for different horizontal force is shown in Figure 3-29. The relative 

distance is measured with the clock gauge, which is shown in Figure 3-15. 

 

Figure 3-29: Change in the distance between the stator and the rotor. 

From the characteristic of the test rigs shown in Figure 3-29, it can be deduced 

that the UMP caused by the initial rotor eccentricity would further increase the rotor 

eccentricity. So, another test was done to investigate this issue. The rotor was set at 

8% of static eccentricity (predicted) in the X-axis direction and it was run at no-load. 

Then, a different excitation voltage with 50 Hz supply frequency was used. The 

estimated results were calculated based on the initial experimental results and the 

analytical model in (3-41). 

 

Figure 3-30: UMP of 8% static eccentricity in the X-axis direction. 
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Figure 3-30 shows that the difference between the estimated value and the 

experimental results increased when the UMP increased. The estimated UMP is based 

on the 8% static eccentricity, while a constant eccentricity is not used in getting the 

experimental results. In the experimental work, the rotor eccentricity would be further 

increased as the UMP increased, which causes a larger UMP. Hence, for this test rig, 

measuring the UMP in the X-axis direction may not be accurate when the UMP is 

larger than 40 N.  

 

Figure 3-31: UMP of 20% static eccentricity in the Y-axis direction. 

Figure 3-31 shows the UMP of Machine-2 with 20% of static eccentricity at 

the Y-axis direction. When the UMP is below 140 N, it can be deduced that the 

eccentricity did not increase as the UMP increased because good correlation was 

shown between the experimental results and estimated results. However, the difference 

becomes larger when the UMP is larger than 140 N, which means that the eccentricity 

might be changed when the UMP is larger than 140 N. 

Therefore, all the experimental works in the latter part of the thesis would be 

tested on the rotor with Y-axis static eccentricity and the UMP tested should not be 

higher than 140 N. However, due to the UMP damping effect from the parallel winding 

would produce some X-axis UMP when the eccentricity is set toward the Y-axis 

direction; this issue will be discussed in Section 4.1. Hence, when measuring the Y-

axis force, the clock gauge on the experimental test rigs needed to be checked in the 

test to minimise the error. 
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3.7 Validation of FEA modelling  

The modelling work could represent the behaviour of the induction machine 

based on theoretical equations. However, modelling work could not entirely represent 

the problem in a real case scenario because assumptions need to be made in the FEA 

to simplify the model, such as constant changes in the axial direction, the boundary 

conditions in electromagnetic problems, and the geometry and dimension of the 

machine. Therefore, experimental works need to be done to verify the reliability of the 

FEA model. The validation work was done on Machine-2. The rotor eccentricity was 

set to 20% of static eccentricity and the 35% of the rated voltage was used. The low 

rated voltage was used, because of the limitation of the test rigs; the measurement is 

accurate when the UMP is less than 140 N, which is shown in Sub-section 3.6.8. 

 

Figure 3-32: UMP of Machine-2 with 20% of rotor eccentricity at 35% rated voltage. 

It is shown in Figure 3-32 that the UMP from the FEA and the experimental 

results increased as the rotor slip increased. When the current increased with rotor slip, 

the increment of rotor slip led to an increment of leakage flux across the airgap, in 

which a larger UMP was produced. As the leakage flux caused by the skewed rotor is 

not considered in the 2D-FEA, the UMP from experimental work is larger than the 

FEA results when the slip increased, this issue will be discussed in Section 4.5. 

In conclusion, a good correlation was shown between the FEA and 

experimental results when the induction machine runs in the low slip region. FEA has 

proven to be a reliable method to investigate the UMP caused by an eccentric rotor. 
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3.8 Summary of the FEA and experimental work in the thesis 

Chapter Objective Machine- FEA Experiment 

3.6.6 
Investigate the harmonics in the UMP of static 

eccentricity  
2 � � 

3.7 Verify the reliability of FEA modelling 2 � � 

4.1.2 Study on the proposed UMP Damping Coefficient 2 � � 

4.1.4 
Investigate on the influence of the excitation 

frequency on the UMP 
2 � � 

4.1.5 
Investigate on the influence of the rotor resistance 

on the UMP 
2 �  

4.2 Categorise the magnetic flux across the airgap 1, 2 �  

4.3.1 
Comparison between wound rotor and cage rotor 

induction machine 
1, 2, 3 � � 

4.3.4 Examine the dynamic eccentricity 1, 3 �  

4.5 Study on the effect of the skewed rotor 1 �  

4.6 Study on the influence of axial-varying eccentricity 1 �  

4.7 
Discussion on the additional power losses caused by 

rotor eccentricity 
1, 3 �  

5 
Verification of the proposed empirical method and 

UMP/Torque ratio 
1, 2, 3 � � 

6.2 
Investigate on reducing UMP through the slip 

control method  
1, 2, 3 � � 

6.3 
Investigate on the proposed damper winding 

configuration to reduce UMP 
3, 4 �  

6.4 
Comparison between the slip control method with 

the damper winding topology 
3, 4 �  

Table 3-7: Overview of the works done in the thesis. 

 Table 3-7 shows the overview of the works done in the thesis. All the analysis 

is supported by analytical modelling. The FEA and experimental results will be used 

to verify the analytical model.  
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  Although experimental work could provide good insights on the UMP in 

reality, it is susceptible to the surrounding factors and human error. Hence, ways to 

increase the accuracy have been shown in Section 3.6; such as verifying measurement 

error (Sub-section 3.6.3), reducing the mechanical tolerance (Sub-section 3.6.4), 

filtering the noise in the measurement (Sub-section 3.6.6), and preventing changes in 

rotor eccentricity (Sub-section 3.6.8). 

3.9 Blank Rotor Analysis 

This subsection is to analyse the magnetic flux harmonics distribution around 

the airgap through the FEA, which had been previously discussed using an analytical 

model in Section 3.1. The space harmonics of the airgap flux extracted from the FEA 

is used to investigate the changes in the magnetic permeance harmonics caused by 

rotor eccentricity.  

The stator of Machine-1 with a 2-pole pair is used in this analysis. Then, the 

cage rotor is switched to a blank rotor, which is built with an iron core in order to have 

a clearer understanding of each space harmonics order. If a cage rotor is used, the 

airgap flux contains a lot of harmonics which is produced by the zigzag leakage flux. 

The zigzag leakage flux changes with different rotor angles, which is difficult to 

analyse. The leakage flux harmonics may have merged with the other harmonics and 

this will influence the analysis of the magnetic flux. The comparison of the magnetic 

flux space harmonics between cage rotor, wound rotor and blank rotor are shown in 

Appendix D. Furthermore, in [92], Dorrell pointed out that the blank rotor and the 

wound rotor gave the similar UMP results. However, this similarity is only applicable 

when the wound rotor induction machine is not loaded.  

In Sub-section 3.9.1, the comparison of the airgap flux has been made between 

the concentric and eccentric blank rotor. In Sub-section 3.9.2, the comparison between 

the UMP of different degrees of eccentricity is shown.  
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3.9.1 Additional pole-pair flux due to rotor eccentricity 

The FFT analysis of the magnetic flux distribution around the airgap of 

Machine-1 with the concentric blank rotor is shown in Figure 3-33. The 2nd harmonic 

component is the fundamental pole-pair harmonics. The 10th, 14th, 22nd, and 26th are 

the stator winding harmonics. The 34th and 38th harmonics consist of both the stator 

winding harmonics and the stator slots harmonics. 

 

Figure 3-33: Airgap flux space harmonics of a concentric blank rotor. 

When referring to Figure 3-34, the fundamental 2nd harmonic is slightly 

reduced when the eccentricity increases. As the total stator flux is excited with a 

constant voltage, it means that the total flux produced should be constant. When the 

degree of eccentricity increases, the stator leakage inductance also increases, which 

reduces the fundamental flux. By comparing Figure 3-33 and Figure 3-34, all the 

additional harmonics are produced by the airgap eccentricity. However, only the 

interaction between the pole-pair ±1 flux produces UMP. 
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Figure 3-34: Airgap flux space harmonics of an eccentric blank rotor. 

In Figure 3-34, it had shown that the increment of the higher space harmonic 

airgap flux is not linearly proportional to the rotor eccentricity. There is a nonlinear 

relationship between the magnetic permeance and the degree of eccentricity. To 

investigate the effect of eccentricity towards the sideband harmonics, the magnitude 

of the fundamental harmonic flux and the stator slot harmonics flux are shown in Table 

3-8. The percentages shown are the percentage of the sideband harmonics with respect 

to the main harmonics. The unipolar flux is neglected because the magnetic reluctance 

of the unipolar flux path is very high [127].  
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Space 

Harmonics 

20% Eccentricity 50% Eccentricity 70% Eccentricity 

Magnitude % Magnitude % Magnitude % 

1 0.036 6.706 0.085 15.699 0.114 21.255 

2 0.541  0.540  0.536  

3 0.046 8.480 0.117 21.630 0.164 30.594 

4 0.004 0.760 0.026 4.737 0.057 10.627 

5 0.000 0.087 0.005 0.911 0.015 2.716 

31 0.000 0.186 0.002 1.572 0.006 6.142 

32 0.001 1.363 0.008 8.444 0.021 21.246 

33 0.013 13.819 0.034 34.337 0.050 49.842 

34 0.095  0.099  0.101  

35 0.008 8.812 0.021 21.499 0.031 30.870 

36 0.001 0.629 0.003 3.069 0.009 8.995 

37 0.005 16.448 0.013 36.070 0.021 52.154 

38 0.033  0.037  0.041  

39 0.005 15.967 0.014 39.591 0.021 50.718 

40 0.000 1.458 0.004 10.794 0.011 26.124 

Table 3-8: Magnitude and percentages relative to the magnitude of its main flux for each magnetic 

flux harmonic with different eccentricity. 

In addition, it has been shown that the 2nd harmonic pole pair produces 

additional 1st and 3rd  flux harmonics from the 1st order magnetic permeance harmonic. 

The 4th and 5th harmonics are caused by the higher magnetic permeance harmonics. 

For the 20% eccentricity, the 4th and 5th harmonic are very small, which can be 

neglected in the UMP calculation. This had been pointed out in the assumptions made 

in Sub-section 3.1.3. Due to the permeance harmonics from the uneven airgap, the 

magnetic flux from the stator winding harmonics and the stator slot harmonics also 

produce their own sideband flux.  

As shown in (3-18) with the assumptions made in Sub-section 3.1.3, the 

percentage of the M ± 1  sidebands flux should be half of the percentage of rotor 
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eccentricity. As a blank rotor is used in the simulation, the fundamental pole-pair flux 

is the main flux that contributes to UMP. For example, 20% of eccentricity should 

have 10% of M ± 1 sidebands flux. However, it was shown that the M ± 1 sidebands 

flux of the fundamental pole-pair harmonic is lower than 10%. This is because the 

existence of stator slots has increased the effective airgap length, which means that the 

actual percentage of eccentricity is lower. Meanwhile, the M ± 1 sidebands flux of the 

stator slot harmonics are around 10% because the magnetic flux always crosses the 

airgap from the stator teeth.  

 

Figure 3-35: Ratio of the fundamental pole pair harmonics sidebands flux with respect to its own 

eccentricity. 

Aside from this, the magnitude of the sideband of each magnetic flux of a 

concentric rotor is different. This is due to some magnetic flux harmonics component 

that may have merged or swamped into the other component. This scenario can be 

proven by the ratio between the fundamental pole pair harmonics sidebands flux with 

respect to its own percentage of eccentricity which is illustrated in Figure 3-35. For 

example, the 1st space harmonics flux is lower than the 3rd space harmonic flux. The 

positive component of the 2nd and 3rd order magnetic permeance harmonics produce 

4th and 5th space harmonic flux, in which the magnetic permeance harmonics increases 

when the degree of eccentricity increases. Therefore, the ratio of 3rd, 4th and 5th 

sideband flux increase with the percentage of eccentricity. However, the 1st space 
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harmonic flux is entirely different because the ratio decreases when the percentage of 

eccentricity increases. This is due to the negative component of the 2nd and 3rd order 

magnetic permeance harmonic which may have merged with the 1st space harmonics 

flux.  

3.9.2 UMP with different eccentricity 

With the magnitude of the sideband flux changing with the percentage of 

eccentricity, the UMP characteristic is also affected when the percentage of 

eccentricity is high. The blank rotor is used in this section with the same simulation 

setup from Table 3-8. The UMP from different eccentricities are compared to different 

excitation voltage. 

From Figure 3-36, it is seen that the UMP increases as the voltage increases. 

As the voltage is linearly proportional to the magnetic flux, the UMP has a quadratic 

increment. This section will compare the difference in the UMP analytical calculation 

if the linear relationship is used in the higher eccentricity percentage, such as 50% and 

70%.  

Therefore, a linearly normalised UMP is used in the calculation where the 

UMP is divided by its own eccentricity. In order to compare the 3 different cases, the 

ratio between the normalised UMP of the 50% and 70% eccentricity with the 20% 

eccentricity is shown in Figure 3-37. The 20% is used as the base unit of the 

comparison because the magnetic permeance harmonics almost has a linear 

relationship with the percentage of eccentricity when the percentage is smaller than 

20%, which is shown Sub-section 3.1.3.  

From Figure 3-37, the normalised UMP of the 50% and 70% eccentricity have 

a ratio that is higher than 1. The 70% eccentricity has a higher ratio than the 50% 

eccentricity. This has proven the UMP increases more than the linear increment. In 

addition, the ratio drops when the excitation voltage increases. This is caused by the 

saturation effect that reduces the magnetic inductance, in which the additional 

sideband flux is also reduced. 
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The UMP increment is less than the magnetic permeance ratio shown in Sub-

section 3.1.2 and is due to: 

• Core saturation reduces the difference between the narrowest airgap 

and the biggest airgap. 

• Some of the magnetic harmonics may have merged together or 

cancelled each other. 

• For the no-load case, the magnetising current reduces when the 

eccentricity becomes bigger. This will reduce the increment of the 

leakage flux that crosses the airgap. 

 

Figure 3-36: UMP with difference percentage of eccentricity vs excitation voltage. 

 

Figure 3-37: Ratio between normalised UMP of the 50% and 70% eccentricity with the 20% 

eccentricity. 
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3.10 Chapter Summary 

The magnetic flux distribution around the airgap of an eccentric rotor is 

investigated through the analytical model by using the Permeance Harmonic Analysis. 

The two assumptions made for the UMP calculation of low degrees of rotor 

eccentricity are: 1) only the first permeance harmonic component is considered, 2) the 

normalised magnitude of the first permeance harmonic component is the same as the 

degree of eccentricity. Then, with the assumptions made, the UMP analytical model 

derivation is shown. The UMP is caused by the interactions between the magnetic flux 

harmonics with the order difference of 1. 

Furthermore, the setup of the FEA has been presented in this chapter, which 

include meshing method, creating eccentricity, and choosing the type of winding. 

Then, the calibration of the force plate and the setup of experimental work were shown. 

After that, the UMP results taken from the experimental work and the FEA were 

analysed in FFT analysis. It has shown that the constant component of the UMP for 

static eccentricity is the dominant UMP component when compared to the 2-times 

supply frequency UMP component. This is because the 2-times supply frequency 

component is caused by the interaction between forward and backward rotating flux, 

in which the backward rotating flux is negligible in a series connected stator winding 

with balanced supplied voltage. The experimental work was done on Machine-2 to 

validate the 2D-FEA. The slightly lower UMP from the 2D-FEA is due to the effects 

of a skewed rotor that was not taken into account.  

By using the FEA, a blank rotor was used to investigate the magnetic flux 

around the airgap, and to study the relationship between the UMP and the degrees of 

eccentricity. The sidebands flux caused by the rotor eccentricity were shown from the 

space harmonics breakdown of the magnetic flux in the airgap. Additionally, the 

analysis has shown that the UMP does not linearly increase for higher degree of 

eccentricity.  

3.10.1 Practical relevance of this chapter    

Understanding of the airgap flux caused by the rotor eccentricity is the core to 

analyze the UMP. The proposed UMP analytical models in the later part of this thesis 
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are based on the characteristics of the airgap flux, which include the UMP calculation 

for a skewed cage rotor (mentioned in Section 4.5), the UMP calculation for axial-

varying static eccentricity (discussed in Section 4.6), iron and copper losses of 

induction machines with eccentric rotor calculation (identified in Section 4.7), and the 

UMP calculation through empirical method (brought out in Chapter 5). Hence, the 

blank rotor analysis provides insight on the changes of magnetic permeance harmonics 

caused by the rotor eccentricity, which could be used in the magnetic flux calculation. 

The reasons of using a blank rotor in the analysis is that the magnetic flux distribution 

will not be affected by the zigzag leakage flux and the induced current in the rotor; the 

comparison of the magnetic flux space harmonics between blank, cage and wound 

rotor is shown in Appendix D.  

In addition, both the FEA and experimental work will be used to verify the 

analytical models described in this thesis. Therefore, the setup of both FEA and 

experimental work were shown in this chapter. As the results of the experimental work 

had a higher harmonic content, FFT analysis was shown to extract the useful force 

information that reflects the UMP caused by rotor eccentricity. 
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4 Characteristics of UMP 

Based on the rotor winding configuration, induction machines can be divided 

into cage rotor and wound rotor induction machines. Typically, the cage rotor 

induction machine has a parallel connected rotor bar (see Figure 4-1(a)), in which the 

current in every rotor bar can be different, while the wound rotor induction machine 

has a series connected rotor winding (see Figure 4-1(b)), in which the same current 

flows in the rotor winding of the same pole. The voltage in the parallel connected rotor 

winding can be induced by all the magnetic flux space harmonics. Meanwhile, the 

voltage in the series connected rotor winding can only be induced by the magnetic flux 

with the fundamental pole pair harmonics group. 

The parallel circuit in a cage rotor allows the flow of circulating current to 

produce the counteracting flux to damp the UMP. In order to calculate the damping 

effect, numerical methods are commonly used, because the analytical method cannot 

calculate the circulating current in the rotor bar [34]. Hence, UMP Damping 

Coefficient is proposed in the thesis, so that the damping effect can be included in the 

steady-state UMP analytical calculation. The proposed Damping Coefficient could 

reduce the computation time in calculating the UMP. In addition, the UMP Damping 

Coefficient can also be used to gain a better understanding in UMP damping effect.  
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Then, the UMP Damping Coefficient is verified by using FEA and 

experimental work. The airgap flux and UMP of the cage rotor and wound rotor 

induction machine are compared and are investigated. Also, the UMP Damping 

Coefficient is further used to calculate the UMP in a skewed cage rotor and axial-

varying eccentricity.  

Furthermore, as the magnetic circuit changes in the machine with eccentric 

rotor, this will cause additional power losses in the system. The power losses are 

calculated and compared between with and without rotor eccentricity for both the cage 

rotor and wound rotor induction machines. 

 

(a)                                                                            (b) 

Figure 4-1: Rotor winding configuration: (a) cage rotor (parallel-connected), (b) wound rotor 

(series-connected).  

4.1 UMP Damping Effect 

Unlike the wound rotor, the cage rotor bar is not pole specific due to the parallel 

winding connection. As the parallel circuits in the rotor bars allow the circulating 

current to flow, the pole-pair ±1 stator flux, could be induced in the parallel path in 

the cage rotor. The circulating current produces a counteracting flux to damp the UMP. 

The damping effect of the cage rotor induction machine is investigated in this section. 

Investigation of the damping effect is important in order to calculate the UMP of the 

cage rotor induction machine. The damping of the flux depends on several aspects: 

L/R ratio, airgap leakage flux and also flux rotational speed. Comparisons are made 

for these variables in this chapter.  
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4.1.1 Analytical model for the damping effect 

The damping effect is investigated through analysing the counteracting flux 

produced by the rotor. The superscript “M ± 1” is the sideband flux caused by the rotor 

eccentricity. As the pole-pair ±1 stator flux, <aP±n, induced voltage across the rotor 

bar, the current flows in the rotor bar and produces <YP±n, which damps the <aP±n. 

This damping is determined by the magnitude and the angle of <YP±n. As <YP±n is 

induced from the stator flux, the direction of the <YP±n is opposing the <aP±n. For a 

steady state analysis, the vector diagram of the summation of <aP±nand <YP±n   is 

shown in Figure 4-2. All the rotor’s parameter shown refers to the stator side. The < P±n is the resultant ±1 flux that interact with its main pole pair flux that produced 

the UMP. Due to the counteracting flux from the rotor, the magnitude of the < P±n is 

smaller than the <aP±n, which means the UMP is damped. Also, the damping effect 

changes the direction of the UMP.  

The angle difference between <aP±n	 and <YP±n (CY) can be determined by the 

voltage dropped across the reactance and the resistance, which is shown in (4-1), where ÈY is the rotor resistance, �Y is the rotor inductance, and La�ÁP is the angular frequency 

difference between the angular frequency of <aP±n	 and the rotor angular frequency. 

 CY G tanRn ÈYLa�ÁP�Y (4-1) 

Figure 4-2: Vector diagram of the resultant flux in the airgap. 

<aP±n 

 

< ,ÉP±n 

<YP±n C) 

< P±n < ,ÊP±n 
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The magnitude of the λYP±n  is a function of the rotor current, �Y. The rotor 

current is: 

 8) G La�ÁP<aP±n	cÈYg + (La�ÁP�Y)g (4-2) 

The additional pole pair ±1 resultant flux need to be calculated in order to 

calculate the UMP. By using a vector summation of <aP±n and <YP±n, the resultant 

magnetic flux, λ P±n, is shown in (4-3). 

 λ P±n G											chλaP±nkg + hλYP±nkg − 2λaP±nλYP±n cos CY 

							G λaP±nÌ1 + ÍÎ La�ÁP�Ï�YcÈYg + (La�ÁP�Y)gÐÑ
g − 2 La�ÁP�Ï�YcÈYg + (La�ÁP�Y)g cos CY 

 

(4-3) 

The flux coupling factor, �Ï , was introduced and is shown in (4-4).The 

imperfect flux coupling will cause the  <YP±n  value to become smaller when 

calculating the resultant flux direction. The value �Ï is between 0 to 1. 

 �Ï G	�Y − �Ï�Y 	 (4-4) 

The leakage inductance, �Ï , varies with the slip frequency [128]. A higher 

rotor slip will cause magnetic saturation due to the higher current in the circuit. The 

saturation effect and the leakage inductance are neglected in the calculation. It was 

assumed that the rotor eccentricity acts toward the vertical direction, and the resultant 

magnetic flux component can be divided into two components:  

1) Vertical component: 

 λP±nÒ G λaP±n − �Y La�ÁPλaP±ncÈYg + (La�ÁP�Y)g IJKCY (4-5) 
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2) Horizontal component: 

 λP±nÉ G −�Y La�ÁPλaP±ncÈYg + (La�ÁP�Y)g K�wCY 
(4-6) 

The angular shift of the magnetic flux is: 

 C  G tan <�±Å.<�±Å�  (4-7) 

Recalling the UMP derivation from (3-40)-(3-43), the [ did not influence the 

total UMP because the	cosg([) + sing([) G 1. Therefore, the magnitude of the UMP 

is proportional to the resultant M ± 1 flux. The UMP Damping Coefficient, Ó, was 

introduced to show the percentage of the UMP after damped by the rotor counteracting 

flux. Hence, the UMP is lower when the Damping Coefficient is smaller.  

Ó G < P±n<aP±n 

 

Ó G
ÔÕÕÕÕ
ÕÕÕÕÕÕÕ
ÕÖ
1 +

Í×
×Î �ÏØ1 + ( ÈY�YLa�ÁP)gÐÙ

ÙÑ
g
− 2 �ÏØ1 + ( ÈY�YLa�ÁP)g cos CY 	 (4-8) 

 ÓÊ G 1 − �Y La�ÁPcÈYg + (La�ÁP�Y)g IJKCY	 (4-9) 

 ÓÉ G −�Y La�ÁPcÈYg + (La�ÁP�Y)g K�wCY	  (4-10) 

For the cage rotor induction machine, the UMP Damping Coefficient in (4-8) 

can be added as a multiplying variable into the UMP formula (3-40)-(3-43) for steady 

state calculation, in which the Damping Coefficient could reflect the remaining UMP 
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after the damping from the counteracting flux. Meanwhile, (4-9) and  (4-10) can be 

used to find the direction of the UMP. 

4.1.2 Verification of UMP Damping Coefficient 

In order to verify the analytical model of the UMP Damping Coefficient, the 

FEA and experimental work are done. Machine-2 is used in this analysis. The 

analytical model only considers the fundamental magnetising flux, where the higher 

magnetic flux space harmonics are ignored because most of the higher space 

harmonics flux did not induce voltage in the rotor bar.  

Therefore, in order to minimise the leakage flux or higher space harmonics flux 

that crosses the airgap, a low excitation frequency (10 Hz) was chosen to be used in 

the FEA and experimental work because it is within the rated angular slip frequency. 

This is because the magnetising flux is the dominant flux when the machine runs below 

its rated angular slip frequency. The reasons of choosing 10 Hz excitation frequency 

are: 1) the angular slip frequency of 0.25 slip with 10 Hz excitation frequency is equal 

to angular slip frequency of 0.05 slip (rated slip) with 50 Hz excitation frequency, 2) 

In order to verify the damping coefficient of an 8-pole machine, the rotor slip until 

0.25 slip needs be investigated because the peak of the damping coefficient shown in 

Figure 4-3 is around 0.2 slip.  

Meanwhile, due to the limitation of the test rigs design, a low magnetising flux 

(23% of the rated flux) and a low degree of eccentricity (20% static eccentricity toward 

the Y-axis direction) are selected to prevent large horizontal force that would create 

additional rotor eccentricity in the X-axis direction. As Voltage-Hertz control is used 

in the inverter drives to maintain the rated flux of the machine, the gain of the voltage-

hertz relationship is set to 23% in the inverter to acquire the 23% rated flux.     

Figure 4-3 shows the UMP Damping Coefficient of the 8-pole machine, which 

was derived from (4-5), (4-6) and (4-8). The UMP Damping Coefficient has a peak of 

around 0.2 slip, which is the synchronous frequency for the 5-pole pair flux. From 

(4-8), when the slip frequency of the 5-pole pair flux is 0, the rotor does not produce 

the counteracting flux to damp the 5-pole pair flux. In addition, the horizontal force 
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direction is also changed from negative to positive at around 0.2 slip. In (4-6), the 

horizontal flux formula is a sine function. The direction of the horizontal flux depends 

on whether the rotor flux is lagging or leading the stator flux. The rotor flux induced 

by the 3-pole pair flux always lags the stator flux at all the slip. However, the 5-pole 

pair flux changes from leading to lagging after the 0.2 slip. From here, it could be 

proven that the UMP caused by the fundamental magnetising flux is not acting toward 

the shortest airgap. The direction changes with rotating slip. However, the change in 

direction was negligible at a higher rotor slip when the UMP caused by the airgap 

leakage flux is taken into account.  

 

Figure 4-3: UMP Damping Coefficient for an 8-pole machine with 10 Hz excitation frequency. 

Figure 4-4 shows the Y-axis UMP acts in the same direction as the eccentric 

rotor. As the magnetic flux density at the narrowest airgap is higher, the Y-axis UMP 

points to the narrowest airgap at every rotor slip. When the slip increases, the UMP 

increases until around 0.2 slip. This is caused by the increment of Damping 

Coefficient, where the UMP damping effect became least effective. When the rotor 

slip is larger than 0.2, the UMP Damping Coefficient starts to decrease which causes 

the UMP to drop because the magnetising flux reduces when the slip increases. As 

only the fundamental magnetising flux is considered in the analytical model, the UMP 

calculated from the analytical model is lower than the FEA and experimental results. 

Meanwhile, the UMP from the FEA results are lower than the experimental results 

because the skewed rotor is not taken into account in 2D-FEA. 
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Figure 4-5 shows the horizontal force changes its direction at around 0.2 slip. 

The zero-crossing point is different in all three cases, because the analytical model 

only considered the fundamental pole-pair flux, where the FEA and experimental 

works had included all the higher space harmonics. Then, the difference between the 

FEA and experimental works mainly come from the mechanical tolerance when 

creating the rotor eccentricity.  

The overall pattern of the graph for Figure 4-4 and Figure 4-5 are correlated 

with Figure 4-3. This proved that UMP damping exists in a cage rotor induction 

machine. Also, this can be used to verify the proposed UMP Damping Coefficient 

formula. 

 

Figure 4-4: Y-axis UMP of 20% static eccentricity in Y-direction. 

 

Figure 4-5: X-axis UMP of 20% static eccentricity in Y-direction. 
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4.1.3 Damping effect in static and dynamic eccentricity 

This section discusses only the fundamental magnetising flux of the machine. 

The magnetising flux is the magnetic flux that couples the stator and the rotor. The 

fundamental flux in (3-40)-(3-43) showed that the additional ±1 pole pair flux has a 

different rotational frequency for the static and dynamic eccentricity. The stator and 

rotor MMF were needed to calculate the magnetic flux across the airgap for the UMP 

calculation. Therefore, the rotational frequency of the additional pole pair fluxes needs 

to be investigated for estimating the rotor induced MMF. The visualisation examples 

in Figure 4-6 to Figure 4-9 used a 4-pole machine. The discussed magnetising flux 

damping effect in this section is only applicable for cage rotor induction machine.  

For static eccentricity, the UMP is a function of the slip frequency of the pole 

pair ±1 flux. As the fundamental magnetic flux and its pole pair ±1 flux have the 

same angular frequency, the magnetic flux of a higher pole number has a slower 

rotation speed than the lower pole number. Figure 4-6 shows the rotating magnetic 

flux in the airgap, where the length of the thick arrow represents the rotational speed, 

and the direction of the peak magnetic flux is represented by the thin arrow; the black, 

purple and yellow colour represent 2, 3 and 1 pole pair respectively.  

 

Figure 4-6: Magnetic flux vector and rotational speed with static eccentricity. 
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The induced rotor MMF could damp the pole pair ±1 magnetic flux for most 

of the rotor slip, except at around 0.33 slip because the rotor runs at the synchronous 

speed of a 3-pole pair magnetic flux. Therefore, the UMP will slightly increase at 0.33 

slip. Figure 4-7 shows the UMP Damping Coefficient of a static eccentricity, which 

was calculated from (4-8)-(4-10). Results demonstrated that the peak Damping 

Coefficient of the static eccentricity is at 0.333 slip. In Figure 4-7, the peak Damping 

Coefficient is 0.51, which means that only 49% of the additional magnetic flux can be 

damped by the cage rotor. Hence, the UMP is higher when the UMP Damping 

Coefficient is larger. 

 

Figure 4-7: UMP Damping Coefficient for 4-pole machine with 50 Hz supply. 

From [113], the author has shown that, for the dynamic eccentricity, the rotor 

rotational frequency is a function of the rotational speed of pole pair ±1 magnetic flux. 

So, the direction of the UMP produced by the dynamic eccentricity is a function of 

time. Figure 4-8(a) showed that when the machine was running at a no load condition, 

in which the rotor rotated close to synchronous speed, the fundamental and the pole 

pair ±1 magnetic flux rotated at the same rotational speed. When the slip increased, 

in Figure 4-8(b), the rotor rotated slower, which caused the angular frequency of M +
1 flux to decrease and caused the rotational speed of M − 1 flux to increase.  

For the dynamic eccentricity, when the induction machine is running near the 

synchronous speed the pole pair ±1  stator magnetic flux does not induce the 
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counteracting rotor MMF. Then, when the machine is loaded, the counteracting rotor 

MMF can be produced to damp the pole pair ±1	magnetic flux. Therefore, the UMP 

caused by dynamic eccentricity will reduce when the machine is loaded from no load. 

 

 

 

 

 

 

 

 

 

 

 

 

(a)                                                                   (b) 

 

Figure 4-8: Magnetic flux vector and rotational speed of an induction machine with dynamic 

eccentricity at (a) slip = 0 and (b) at slip > 0 

 

Figure 4-9: UMP Damping Coefficient for dynamic eccentricity with 50 Hz supply frequency 

0 0.2 0.4 0.6 0.8 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Slip

D
am

p
in

g
 C

o
e

ff
ic

ie
n

t

 

 

Beta
v

Beta
h

Beta

           AP  (2 pole pair) 

         		AP}n (3 pole pair) 

         		APRn (4 pole pair) LPRn = LP}n = LP LPRn Û LP Û LP}n 
 

LPRn 

 LP}n 
 LP 

 

 

LPRn 

 LP}n 
 LP 

 

 



Characteristics of UMP 

 91 

4.1.4 Effect of UMP from different supply frequency 

 

Figure 4-10: UMP and Damping Coefficient at different supply frequency. 

Figure 4-10 shows Machine-2 running at no-load with a 35% rated voltage and 

20% static eccentricity. To maintain the magnetising flux, the ratio of the magnitude 

and frequency of the voltage was controlled to be the same at every supply frequency. 

As the UMP Damping Coefficient is a function of the rotating flux slip frequency 

where the rotating flux is controlled by the supply frequency, the Damping Coefficient 

is affected by the supply frequency. When the magnetising flux is maintained to be the 

same at different supply frequency through voltage-hertz control, and the magnetising 

flux is the dominant flux at no load, the UMP is directly proportional to the UMP 

Damping Coefficient. It was demonstrated that the UMP is higher when the supply 

frequency is lower.  

4.1.5 Effect on UMP from different rotor resistance 

Different NEMA designs of induction machines have different torque-speed 

characteristic and also current characteristics. The main difference between the four 

NEMA designs is the rotor bar resistance. Therefore, it is essential to investigate the 

influence of the rotor resistance on the UMP damping effect as the Damping 

Coefficient is a function of the rotor resistance.  

Machine-2 was used in the FEA simulations because changing the rotor bar 

resistance in the experimental work is complicated and the rotor needed would have 
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to be redesigned and rebuilt. Therefore, only the FEA simulation was used to prove 

the influence of rotor bar resistance. Let the original rotor bar resistance as 1 p.u., the 

tested rotor bar resistance are 1 p.u, 2 p.u., and 3 p.u. The UMP of three different rotor 

bar resistances from the FEA results are shown in Figure 4-11(a). 

 

(a)                                                               (b) 

Figure 4-11: Machine-2 with different rotor bar resistance: (a) UMP (b) rotor phase current. 

Referring to Figure 4-11(a), from 0 to 0.1 slip, the machine with 1 p.u. rotor 

resistance had the lowest UMP, while the machine with 3 p.u. rotor resistance had the 

highest UMP, because the higher resistance would reduce the damping effect from the 

rotor bar. As the magnetising flux is the dominant flux at a low rotor slip, the damping 

effect would significantly influence the UMP. From (4-2), the counteracting current is 

inversely proportional to the square root of the rotor resistance. In addition, the angle 

between the counteracting flux and the stator flux is shifted. Both of these scenarios 

reduce the damping effect.  

The reason that the difference of UMP becomes smaller when the slip further 

increased is because of the contribution of the airgap leakage flux increased as the slip 

increased and the airgap leakage flux is not affected by the damping effect of the rotor 

bar. After 0.15 slip, the machine with 1 p.u. rotor resistance had the highest UMP, 

while the machine with 3 p.u. rotor resistance had the lowest UMP, which is the 

opposite of the UMP at a low rotor slip. This scenario is due to the lower induced 

current in the higher rotor bar resistance. The rotor phase current in the machine is 
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illustrated in Figure 4-11(b). As the current of the machine with 1 p.u. rotor resistance 

has the highest rate of increment, the UMP of the machine had the highest rate of 

increment when the slip increased. This is because the contribution of airgap leakage 

flux increases as the current increases, which the increment of airgap leakage flux 

causes to a larger UMP. 

4.2 Magnetic Flux across the Airgap 

The magnetic flux that crosses the airgap would produce an attraction force 

between the stator and rotor. In a concentric rotor, an evenly distributed flux line will 

have a net force of zero exerted on the rotor. Therefore, this section investigates the 

type of flux that crosses the airgap. The magnetic flux in a machine includes, 

fundamental pole pair flux, slot leakage flux, belt leakage flux, zigzag leakage flux, 

end winding leakage flux, and skew leakage flux. The leakage flux can be defined as 

flux that does not couple the stator and rotor winding [118]. All leakage flux can be 

described as higher space harmonics flux. The skew leakage flux and the end winding 

leakage flux are not considered in the 2-dimension UMP analysis. The magnetic 

inductance of the flux that crosses is affected by the airgap permeance which produces 

the additional pole-pair ±1. The UMP is produced when the additional pole pair ±1 

flux interacts with their original pole-pair flux harmonics.  

The magnetic flux that crosses the airgap is produced by the stator and rotor 

MMF. UMP can be calculated by receiving the information of the resultant flux across 

the airgap. A few assumptions were made to simplify the UMP calculation: 

1. The damping effect of the magnetic flux from the stator belt harmonics is 

negligible. The stator belt harmonics flux induces voltage in the rotor that is 

only 5-10% of the fundamental flux. In addition, the UMP calculation is a 

square function of the magnetic flux.  

2. The stator and rotor airgap leakage inductance and current are assumed to be 

the same. As the rotor current is induced by the stator flux, it is difficult to 
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separate the stator and rotor airgap leakage inductance because separately 

excited stator and rotor would not give the accurate leakage flux information.  

3. There is no interaction between the airgap leakage flux produced by the stator 

and the rotor. 

4. Although the end winding leakage flux would also contribute to the total UMP, 

the end winding leakage flux would rather choose to flow through the rotor 

casing that has a lower magnetic reluctance than the airgap. Therefore, the end 

winding leakage flux is neglected for the UMP calculation. 

The stator slots and the rotor slots cannot be avoided because windings need to 

be placed. With the presence of the stator and rotor slots, the magnetic field is distorted. 

The harmonic contents in the airgap include the winding arrangement harmonic and 

the slots harmonic [129]. An analytical model can only estimate the fundamental flux, 

but not the higher space harmonics flux accurately, because the pattern of the airgap 

leakage flux is different for each machine design and it is difficult to be estimated 

analytically whether the leakage flux is crossing the airgap. Therefore, the FEA was 

used in the analysis, because the geometry and the windings of the induction machine 

were to be included in the analysis. After receiving the results from the FEA, the results 

can then be used for the UMP calculation through empirical method. This will be 

shown in Section 5.1. 

4.2.1 Categorised airgap magnetic flux 

All the harmonics fields induced back EMF in the winding, which is shown in (4-11). 

 � = H �t
}O

tQRO
 (4-11) 

The magnetic flux that crosses the airgap can be divided into two groups: 

fundamental pole-pair harmonics and the all higher harmonics flux. The higher 

harmonics flux can be known as airgap leakage flux. The reason for separating into 

two groups is that the sideband of the fundamental flux will be damped by the cage 

rotor, but the airgap leakage flux will not be damped by the cage rotor. So, this 

categorisation is not as important for the wound rotor induction machine, where there 
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is no counteracting flux produced by the pole-specific rotor. The inductance of the 

fundamental harmonics is shown in (4-12). 

 �n = �X (4-12) 

The inductance for the airgap leakage flux is shown in (4-13).  

 �Ü = Ý�X (4-13) 

where, 

 Ý = H o ��,tw��,np
g}O

tQROtÞn
 (4-14) 

The winding harmonics calculation in (4-14) was shown in Section 3.2. When 

rotor eccentricity exists, the harmonics will not be affected by the degree of 

eccentricity [130]. Therefore, the harmonics calculation for a concentric rotor can be 

used in calculating eccentric rotor. The airgap leakage flux mainly involved: 

1) The stator belt harmonics: �ß ± Å 

2) The stator slots harmonics: �(� ± �  

3) The rotor belt harmonics: all odd harmonics except the fundamental 

4) The rotor slots harmonics: �(� ± �  

 

4.2.2 Fundamental magnetising flux 

Both the fundamental magnetising flux and airgap leakage flux change with 

slip. The airgap leakage flux increases when the slip increases. When the leakage flux 

increases, the fundamental magnetising flux will drop.  

Figure 4-12 shows the fundamental magnetising flux of a machine with 1.5 

ohm stator resistance, 0.5 ohm rotor resistance, and 6% stator and rotor leakage 

reactance. The magnetising flux is reduced with the increment of slip. As the total flux 

in a machine is constant if the voltage across the stator resistance is neglected, the 

leakage flux increases with the increment of slip.  
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Figure 4-12: Fundamental magnetising flux. 

4.2.3 Airgap leakage flux 

The assumption was made that the airgap leakage flux is the flux that does not 

couple between the stator and rotor. The airgap leakage flux is a function of the airgap 

leakage flux inductance and the current, as shown in (4-15).  

 ΦÜ = �ÜB�F� (4-15) 

The inductance is a function of the current, because the magnetic permeability 

of the stator and rotor core is not linear. The leakage inductance shown in (4-15) is 

referred to as flux linkage with the fundamental pole pair winding. 

 

Figure 4-13: Airgap leakage inductance. 



Characteristics of UMP 

 97 

It was stated in [49] that the airgap flux is susceptible to continual variation 

and also affected by the magnetic saturation, so the author extracted the magnetic flux 

density value in FEA from the centre of the airgap to reduce the error. When coupling 

between the stator and rotor flux is not considered, static FEA simulation is commonly 

used to find the leakage inductance of the induction machine by  [128], [131], [132]. 

As the airgap leakage inductance is a subset of the total leakage inductance and the 

airgap leakage flux is contributed by both the stator and rotor MMF, instead of using 

the static FEA simulation, the time-stepping FEA simulation is used to find the airgap 

leakage inductance at different rotor slips. The airgap leakage inductance is found 

based on (4-15) with the airgap leakage flux taken from FEA. Figure 4-13 shows the 

airgap leakage inductance for Machine-1 and Machine-2 at their rated voltage and also 

at half of the rated voltage. 

From Figure 4-13, the leakage inductance for all cases initially reduces when 

the slip increases, because of the increment of current causes magnetic saturation. The 

changes in the airgap leakage inductance start to stabilise after 0.3 slip, because of the 

slow current increment. Machine-1 is a 2-pole pair machine with a 0.5 mm airgap, and 

Machine-2 is a 4-pole pair machine with a 0.9 mm airgap. With a bigger airgap, 

Machine-2 has a much lower airgap leakage inductance than Machine-1. This is 

because the magnetic reluctance is higher for a bigger airgap. Analytically, from 

(4-13), it shows the airgap leakage inductance is a function of the magnetising 

inductance, where magnetising inductance is a function of the airgap length. 

When Machine-1 was running at its rated voltage, the leakage inductance 

dropped drastically as the slip increased when compared with other cases. The 

synchronous speed of Machine-1 is twice that of Machine-2, which caused the current 

to be higher with the same slip when compared to Machine-2. Therefore, when 

Machine-1 is supplied with the rated voltage, the high current flows in the high slip 

region caused deep core saturation and caused the airgap leakage inductance to drops 

drastically. 
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4.2.4 UMP from the airgap leakage flux 

From the assumptions made in Sub-section 3.1.3, the magnitude of the M ± 1 

flux is proportional to the degree of eccentricity and the magnitude of M flux.  When 

the degree of eccentricity and the machine parameter are constant, the UMP is 

proportional to the summation of the square function of all space harmonics magnetic 

flux in a concentric airgap, which is shown in (4-16). For a concentric rotor, only 

magnetic flux with space harmonics associated with its pole-pair number exists.  

 yz{ ∝ HAPgO
PQ¼à``

 (4-16) 

Regarding the induced voltage calculation from (3-22), the total induced back 

EMF from the airgap leakage flux is proportional to the multiplication of the overall 

airgap leakage inductance with the current. For the leakage inductance calculation, the 

higher magnetic flux harmonics contribute less to the inductance calculation because 

it is referred to the flux coupled to the fundamental pole pair windings. However, from 

(4-24), the magnitude of each harmonic that adds to the UMP calculation only depends 

on the magnitude of the magnetic field. 

Since the current Agcomponent has a quadratic relationship with the current and 

the core saturation affects the A squared component, the UMP relationship can be 

simplified as in (4-17), where the magnitude of each magnetic flux harmonics is 

assumed to be linearly proportional to the current. 

 yz{ ∝ ¾g�a��B¾F	 (4-17) 

4.2.5 Overview   

As Ag is proportional to the UMP, the Ag of the fundamental harmonics flux and 

the airgap leakage flux with different rotor slips are analysed in this section. The Ag 

of Machine-1 and Machine-2 are shown in Figure 4-14 and Figure 4-15 respectively. 

Machine-1 is a 2 pole-pair machine with 0.5 mm airgap, and Machine-2 is a 4 pole-
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pair cage rotor machine with 0.9 mm airgap. The Ag calculation in this section does 

not include the UMP damping effect from the cage rotor. 

 

Figure 4-14: B squared graph for Machine-1.  

 

Figure 4-15: B squared graph for Machine-2. 

The Ag  value for the fundamental magnetising flux reduced when the slip 

increased. Due to Machine-2 having a higher leakage factor, the rate of reduction of 

the fundamental magnetising flux of Machine-2 was larger than Machine-1 as the slip 
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increased. Other than this comparing Figure 4-14 and Figure 4-15, it clearly shows that 

the Ag value for the fundamental magnetising flux at a synchronous speed is the same 

regardless of the airgap length and the pole pair number because the rated airgap flux 

is the same for both machines. Then, for both Machine-1 and Machine-2, the Ag 

caused by the fundamental flux with the 0.5p.u excitation voltage is four times lower 

than the 1 p.u. excitation voltage because of the quadratic relationship. The 4-times 

relationship was almost constant throughout different operating slips.  

As the airgap of Machine-1 is smaller than Machine-2, Machine-1 has a much 

larger Ag  from the airgap leakage flux than Machine-2. This is because the lower 

reluctance in the smaller airgap of Machine-1 causes the more magnetic flux crosses 

the airgap. Meanwhile, due to the saturation effect in the high slip region, for Machine-

1, the difference of the Ag from the airgap leakage flux between 0.5 p.u. and 1 p.u. at 

the rated slip, it got smaller as the slip increased, where the difference became only 2.2 

times at a 0.9 slip. At the high slip region, Machine-2 has a lower current than 

Machine-1 because Machine-1 has a lower pole-pair number than Machine-2. 

Therefore, the saturation effect of Machine-2 is not as significant as Machine-1. This 

scenario has been discussed in Sub-section 4.2.4. If we compared Machine-1 with 1 

p.u. and Machine-2 with 0.5 p.u., although the current was almost the same, the smaller 

airgap would cause Ag from airgap leakage flux to be higher. 

The total Ag is the summation of the Ag from the fundamental flux and the Ag 

from the airgap leakage flux. In Machine-2, the total Ag  reduced when the slip 

increases from 0 to 0.05 slip. However, the reduction of the total Ag did not happen in 

Machine-1. This is because of the increment of airgap leakage flux in Machine-2 is 

lower than Machine-1. 

 However, the total Ag  shown in this section did not take into account the 

damping effect from the cage rotor. So, it could not directly reflect the total UMP in 

Machine-1 and Machine-2, which are the cage rotor induction machine. In order to get 

the relationship between the Ag with the UMP in the cage rotor induction machines, 
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the Ag  caused by the fundamental flux needs to be multiplied with the Damping 

Coefficient.   

Therefore, if the damping effect is considered, it has been shown in Section 4.1 

that 95% of the Ag can be damped by the cage rotor when it is supplied with a 50 Hz 

excitation frequency. In this case, the dip of the total Ag at the rated slip shown in 

Figure 4-15 will not exist, because the of contribution of the Ag  caused by the 

fundamental flux had been significantly reduced. Furthermore, when the machine is 

running in its operating region, the change of UMP is nearly proportional to the Ag 

caused by the airgap leakage flux. 

4.3 Comparison between Wound Rotor Induction Machine 

and Cage Rotor Induction Machine 

To further investigate the UMP damping effect in the cage rotor induction 

machine, which had been pointed out in Section 4.1, comparison of the UMP between 

the wound rotor induction machine and the cage rotor induction machine is presented 

in this section.  

Before analysing the differences, previous experimental work done by other 

researchers was first investigated, in order to validate the findings in this section. Table 

4-1 shows the tabulated summary of the experimental results done by other researchers 

for both types of induction machines. The results had shown that the UMP increases 

when the machine with static eccentricity is loaded, in which this is correlated with the 

results taken in this thesis. 

Although the machine used by each researcher had different machine 

parameters, the table shows the significant UMP difference between the cage rotor and 

the wound rotor induction machine when static eccentricity occurred. For example, 

with the same machine parameters used in Case-1 and Case-5, the UMP of Case-1 

(wound rotor) with 35% of static eccentricity is 370% larger than the UMP of Case-5 

(cage rotor) with 45% of eccentricity.  

As the magnetising flux can be damped by the cage rotor, the UMP difference 

between the cage rotor and the wound rotor induction machine is significant at both 
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no-load and full-load conditions; the magnetising flux is the dominant flux when the 

machine operates below the rated slip (See Figure 4-14). The comparison between 

cage rotor and wound rotor induction machine with static eccentricity will be discussed 

in Sub-section 4.3.1. 

Other than the rotor winding configuration affecting the damping of the UMP, 

the type of eccentricity at different load will also affect the damping of UMP. There is 

no previous experimental work done on the dynamic eccentricity of the wound rotor 

induction machine, because the magnitude of the UMP of dynamic eccentricity is the 

same as static eccentricity.  

For the cage rotor induction machine, there is a minimal UMP damping effect 

on the UMP of dynamic eccentricity when it is not loaded. The analytical model of 

this scenario was discussed in Sub-section 4.1.3. Therefore, by comparing Case-9 and 

Case-10 which used the same cage rotor induction machine, the UMP of the rotor with 

20% dynamic eccentricity was 240% higher than the rotor with 20% static eccentricity 

at no-load. When the machine operated at full load, the difference of UMP between 

Case-9 and Case-10 was reduced to 70%. This is because of the increment of the 

effectiveness of the UMP damping effect, which is shown in the UMP Damping 

Coefficient from Figure 4-9. The UMP caused by the dynamic eccentricity will be 

further discussed in Sub-section 4.3.4 with the FEA simulations. 
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No. Ref. Rating r x L Eccentricity 
Type of 

eccentricity 

Airgap 

Length 

Phase 

Voltage 

No-load 

UMP 

Full-load 

UMP 

Wound Rotor Induction Machine 

1 [90] 10kW 0.017 0.35 Static 0.75mm 240V ≈3.70kN ≈4kN 

2 [133] 7.46kW 0.016 0.30 Static 0.5mm 240V ≈1.20kN - 

3 [134] 15kW - 0.25 Static - 240V 0.77kN 1.10kN 

4 [92] - 0.03 0.40 Static 1.5mm 240V 1.45kN - 

Machine-3 

(FEA) 
7kW 0.016 0.30 Static 0.5mm 240V 1.28kN 1.6kN 

Machine-4 

(FEA) 
5.5kW 0.016 0.30 Static 0.5mm 240V 1.05kN 1.25kN 

Cage Rotor Induction Machine 

5 [90] 10kW 0.017 0.45 Static 0.75mm 240V ≈0.80kN ≈1.10kN 

6 [15] - 0.03 0.40 Static 0.5mm 120V 0.02kN ≈0.17kN 

7 [40] 35kW 0.03 0.45 Static 0.5mm 240V ≈0.2kN - 

8 [135] 15kW 0.014 0.04 Static 0.45mm 240V ≈0.03kN - 

9 [136] 15kW 0.017 0.20 Static 0.45mm 220V 0.39kN 0.55kN 

10 [136] 15kW 0.017 0.20 Dynamic 0.45mm 220V 1.33kN 0.95kN 

11 [137] 11kW 0.012 0.45 Dynamic 0.56mm 240V 1.35kN 1.00kN 

Machine-1 

(FEA) 
7kW 0.016 0.50 Static 0.5mm 240V 0.26kN 1.5kN 

Machine-2 5.5kW 0.014 0.20 Static 0.5mm 120V 0.04kN 0.08kN 

Table 4-1: Overview of the experimental results from previous work and the results from this 

thesis. 
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4.3.1 Static eccentricity 

 The comparisons were made between Machine-1 (4-pole cage rotor) and 

Machine-3 (4-pole wound rotor). Figure 4-16 shows the magnetic field of both 

induction machines at synchronous speed. The rotors have the same static eccentricity 

of 50% towards the negative Y-axis direction.         

From Figure 4-16 (b), the wound rotor induction machine has a higher 

magnetic flux density at the negative Y-axis direction. For Figure 4-16 (a), even 

though there is a 50% eccentricity, the magnetic flux is more evenly distributed around 

the machine. The magnetic flux distribution around the airgap is shown in Figure 4-17. 

In Figure 4-17, the dotted line is the magnetic flux density of a concentric rotor, 

in which only the fundamental flux was considered.  By comparing Figure 4-17 (a) 

and Figure 4-17 (b), the cage rotor has a more evenly distributed magnetic flux than 

the wound rotor. This is because the additional pole pair ±1 flux was damped by the 

parallel windings of the cage rotor bar. Therefore, for the wound rotor in Figure 4-17 

(a), in which the rotor does not damp the magnetic flux and the narrowest airgap of the 

rotor eccentricity is at 270o, the magnetic flux density at 270o was higher than the 

magnetic flux density at 90o. 

   

   (a)                                   (b)      

Figure 4-16: FEA results: (a) Cage rotor (b) Wound rotor induction machine. 

y 
x x 

y 
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(a) 

  

(b) 

Figure 4-17: Magnetic flux density distribution (a) Cage rotor (b) Wound rotor. 

Further to the magnetic flux density comparison of cage and wound rotor 

induction machine, the UMP of Machine-1 and Machine-3 from no-load to full-load 

are illustrated in Figure 4-18. In order to validate the findings, the experimental and 

FEA results of Machine-2 are added into the comparison in Figure 4-18. 50% of static 

eccentricity in Y-axis direction was set in the three machines. Both Machine-1 and 

Machine-3 are excited with rated voltage, while 50% of the rated voltage is used on 

Machine-2.   
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Figure 4-18: UMP of the three machines with 50% of static eccentricity. 

In Figure 4-18, the FEA model of Machine-2 is validated with the experimental 

result. In the Y-axis UMP, the FEA results are correlated with the experimental results. 

However, there is a difference of UMP in the X-axis direction between the 

experimental and FEA results. The difference might be caused by the mechanical error 

when creating the eccentricity in experimental work. For example, 10% error in the 

experimental work would cause a UMP of around 25 N when the machine is excited 

with 0.5 p.u. voltage.  In [138], the author pointed out that 10% of rotor eccentricity, 

due to the manufacturing tolerance, might exist even in a newly-manufactured 

machine. 
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In Figure 4-18, comparing the forces of the three induction machines, three 

points can be concluded:  

1) The UMP of cage rotor induction machine is generally much lower than the 

wound rotor induction machine.  

2) Cage rotor induction machine has a non-zero X-axis UMP when the static 

eccentricity is in Y-axis direction. 

3) The UMP increases quadratically as the slip increases 

Firstly, as shown in Figure 4-18, the Y-axis UMP of the cage rotor is generally 

much smaller than the wound rotor induction machine. Comparing Machine-1 and 

Machine-3, when the machine was running at synchronous speed, Machine-3 had a 

UMP of 2300 N, and Machine-1 had a UMP of 260 N. The difference of around 2000 

N mainly came from the damping of the magnetising flux by the cage rotor, in which 

the magnetising flux was the dominant flux when the machine operated near to 

synchronous speed. 

Secondly, the existence of X-axis UMP in the cage rotor induction machines 

is due to the damping of UMP caused by the circulating current, which was discussed 

in Section 4.1. The X-axis UMP of the wound rotor induction machine was zero 

because the rotor eccentricity was set toward the Y-axis direction and the damping of 

UMP did not exist 

Thirdly, the UMP increases quadratically as the slip increases because of the 

increment of airgap leakage flux, which is caused by the increment of the current. 

However, the rate of increment of Machine-2 is much lower than Machine-1. This is 

because of the larger airgap length would reduce the airgap leakage inductance, which 

was discussed in Sub-section 4.2.3. Furthermore, due to the fact that Machine-1 and 

Machine-3 have the same airgap length and machine’s dimensions, the UMP caused 

by the airgap leakage flux should be almost the same. However, the difference of the 

Y-axis UMP decreased as the slip increased. This was mainly because the 

effectiveness of UMP damping reduced as slip increased for static eccentricity (See 

Figure 4-7). 
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Then, FFT analysis is applied on the airgap flux of Machine-1 and Machine-3 

at different load, in which the detailed space harmonics order of the magnetic flux 

could be used to prove the discussions from Section 4.2. In addition, it can also be used 

to investigate the difference between cage rotor and wound rotor induction machine. 

The airgap space harmonics order shown in the latter part of the thesis are the number 

of the pole pair harmonics, instead of the harmonics order of the fundamental pole 

pair. The simulation results for a wound rotor induction machine is shown in Figure 

4-19, and the simulation results for a cage rotor induction machine is shown in Figure 

4-20.  In this section, the space harmonics are shown until the 60th pole-pair space 

harmonics for each analysis. 

4.3.2 Airgap flux harmonics in the wound rotor induction machine 

Figure 4-19(a) shows that all the odd pole-pair space harmonics do not exist in 

the airgap. This means that there is no UMP acting on the rotor, because the UMP is 

produced by the interaction between AP  and AP±n . For the magnetic flux space 

harmonics around the airgap, the 34th and 38th harmonics are the stator slot harmonic 

of Machine-3. Other than this, the wound rotor with 48 rotor slots has the rotor slot 

harmonics of the 46th and 50th. The belt harmonics are all the even pole pair harmonics, 

except the fundamental pole pair harmonics. Due to the balanced three-phase 

connections, the triplen harmonics of the stator belt harmonics and the wound rotor 

belt harmonics are zero.  

The fundamental pole-pair harmonics (2nd harmonic) dropped as the load 

increased, because of the increment of the rotor leakage flux. Other than the 

fundamental harmonics, all the space harmonics increased when the load increased.  

Figure 4-19 (b) shows that the odd harmonics airgap flux exists because of the 

rotor eccentricity. The odd harmonics magnitude is a function of the even harmonics 

that caused by rotor eccentricity, which is shown in (3-19). The interaction between 

all AP and AP±n produces UMP. 
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               (a) 

 

(b) 

Figure 4-19: Airgap flux space harmonics in wound rotor induction machine (Machine- 3) of: (a) 

concentric rotor (b) 50% static eccentricity. 
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4.3.3 Airgap flux harmonics in the cage rotor induction machine 

 

              (a) 

 

                   (b) 

Figure 4-20: Airgap flux space harmonics cage rotor induction machine (Machine-1) of (a) 

concentric rotor (b) 50% eccentricity. 

From Figure 4-20 (a), unlike the wound rotor which is pole-specific where the 

triplen harmonic is nullified, the cage rotor produced its own belt harmonics which 
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include the triplen harmonics (6th, 18th, 30th). Then, the cage rotor with 28 rotor bars 

had the first rotor slot harmonics of 26th and 30th, and second rotor slot harmonics of 

54th and 58th. The second rotor differential harmonics are smaller than the first rotor 

differential harmonics. This means that the higher harmonics magnitude contributes 

less to the overall UMP, because the UMP is proportional to the sum of the magnetic 

flux squared. When comparing Figure 4-19(b) and Figure 4-20(b), it shows that the 

magnitude of the 1st and 3rd harmonics produced by the fundamental are significantly 

smaller in the cage rotor than the wound rotor. This is because the counteracting flux 

produced by the cage rotor could damp the sideband harmonics of the fundamental 

magnetising flux. 

In conclusion, the sideband harmonics of the fundamental magnetising flux can 

be damped by the rotor bar. Meanwhile, the sideband flux of the rotor belt harmonics, 

stator slots harmonics and rotor slots harmonics are the higher order space harmonics, 

which cannot be damped by the cage rotor. These airgap flux characteristics are 

essential in calculating UMP.  

4.3.4 Dynamic eccentricity 

Dynamic eccentricity causes the rotor to rotate at the stator axis but not on its 

own axis. The direction of the narrowest airgap changes with rotational speed. 

Therefore, the UMP revolves around the machine when the rotor rotates. Machine-3 

(wound rotor) revolving UMP from the dynamic eccentricity is shown in Figure 4-21.  

 

Figure 4-21: UMP from the rotor with dynamic eccentricity. 
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 In Figure 4-21, the Y-axis UMP lagged the X-axis UMP by 90 degrees. 

Therefore, the resultant UMP of the dynamic eccentricity is constant. Figure 4-22 is 

the FEA simulation results of Machine-1 and Machine-3 with 10% of dynamic 

eccentricity. For the wound rotor induction machine, the UMP magnitude was the 

same for the static and dynamic eccentricity, but the direction of the UMP changed 

with time which is shown in Figure 4-21.  

 With the cage rotor induction machine, the static and dynamic eccentricity had 

different UMP Damping Coefficient, which are shown in Figure 4-7 and Figure 4-9 

respectively. The damping effect is negligible when the machine with dynamic 

eccentricity is running at a synchronous speed. In Figure 4-22, the wound rotor and 

the cage rotor induction machines have almost the same UMP when running at a 

synchronous speed. As the slip increased, the damping effect became more and more 

significant. Therefore, the UMP dropped as the slip increased. However, as the slip 

further increased, the UMP from the airgap leakage flux increased, which caused the 

overall UMP increased after around 0.03 slip.  

 

Figure 4-22: UMP of the wound rotor (Machine-3) and cage rotor (Machine-1) induction machine 

with dynamic eccentricity. 
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4.4 Multi-slice 2D-FEA 

A multi-slice 2D FEA analysis is often used for skewed rotor simulation where 

the rotor angle is not axially constant. If compared to a 3D FEA simulation, multi-slice 

2D FEA could significantly reduce the computational time [139]. For the multi-slice 

2D FEA, the cage rotor induction machine is separated into a number of slices. Each 

slice has the same axial length and the stator and the rotor circuit is connected to each 

slice. In addition, it is assumed that the changes in each slice are neglected. Each slice 

has a different geometry, so, the inductance of the circuit is different for each slice. 

The multi-slice concept is shown in Figure 4-23.  

To analyse the static eccentricity in a skew rotor by using the multi-slice 2D-

FEA, the same degree of static eccentricity was created in each slice but the angle of 

the rotor was shifted based on the average angle difference between each slice.  

For the analysis of the axial-varying static eccentricity, the degree of static 

eccentricity for each slice was created based on the average eccentricity and the 

eccentricity gradient in the axial direction, in which the calculation of the eccentricity 

of each slice is shown in Sub-section 4.6.1.  
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Figure 4-23: Concept of the multi-slice 2D FEA. 
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4.5 Skewed Rotor 

Small and medium-sized induction machines are usually constructed with a 

skew rotor bar to minimise the torque ripple and noise. When the rotor is skewed by 

one stator slot pitch, the skew rotors can eliminate the unwanted effect from the stator 

slot harmonics flux [53]. The side-view of the skew rotor is shown in Figure 4-24.    

However, Dorrell had pointed out that skewing the cage rotor would increase the 

UMP in cage rotor induction machines, because the rotor skewing reduces the pole 

pair ±1 counteracting flux in induction machines [54]. The reduction of the damping 

effect would increase the UMP caused by the fundamental flux. In addition, as skewing 

the rotor bar reduces the coupling between the stator and rotor circuit, it increases the 

leakage flux which also includes the airgap leakage flux. With the increment of airgap 

leakage flux, the UMP will also be increased. 

 

 

Figure 4-24: Skewed cage rotor [140]. 

The issue is comprehensively studied in this section, where a new UMP 

analytical model is also proposed by using the UMP Damping Coefficient. The skew 

rotor was investigated by using Machine-1. The UMP comparison between with and 

without rotor skewing is shown in Figure 4-25. The skewing factor of one stator slot 

pitch is used, in which the rotor is skewed at 10 mechanical degrees. For the multi-

slice 2D FEA simulation, as five slices are used, each slice is shifted by 2 mechanical 

degrees. 
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Figure 4-25: UMP with and without rotor skewing. 

From Figure 4-25, the total UMP of the skewed rotor is higher than the UMP 

of the rotor without skew. Figure 4-25 also illustrates that the UMP difference between 

with and without rotor skewing increases as the rotor slip increases. There are two 

reasons that contribute to the UMP difference between with and without rotor skewing: 

1) the effectiveness of the UMP damping reduces when the rotor is skewed, and 2) the 

rotor skewing would increase the leakage flux as the leakage flux could not be damped 

by the rotor bar. The relationship between the UMP from the fundamental flux with 

and without rotor skewing is shown in (4-18). In (4-18), the yz{n is the UMP caused 

by the fundamental magnetising flux in a machine with an unskewed rotor; yz{a�,n 

is the UMP caused by the fundamental magnetising flux in a skewed rotor machine; 

�a�P±n is the skewing factor and Ó is the damping coefficient. 

 yz{a�,n = Ó�a�P±nyz{n + h1 − �a�P±nkyz{n (4-18) 

 yz{a�,n = yz{n â�a�P±n o 1�a�P±n − 1 + Ópã (4-19) 
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In (4-19), it is clear that the overall UMP is a function of the skewing factor 

and the UMP Damping Coefficient. Values of �a�P±n and Ó are always smaller than 1, 

which means that the UMP will definitely increase, because of the reduction of 

coupling between the stator and rotor. From (3-26), the skewed rotor harmonics 

equation has shown that the reduction in the magnitude of the low harmonics order is 

relatively small, as the numerator and the denominator values are nearly the same.  

The UMP Damping Coefficient introduced in Section 4.1 is the ratio between 

the resultant UMP and the UMP from the fundamental flux. Figure 4-26 shows the 

UMP ratio after considering rotor skewing, where �a�P}n=0.989 and �a�PRn=0.998. 

 

Figure 4-26: Influence of UMP Damping Coefficient on the UMP ratio and percentage of 

increment. 

 Figure 4-26 shows that the UMP ratio increased after considering the skewed 

rotor. The percentage of increment varied with the UMP Damping Coefficient without 

a skewed rotor. As the UMP Damping Coefficient increased, the increment percentage 

of the UMP ratio dropped. For example, in Machine-2, the UMP Damping Coefficient 

was 0.05 when it was running synchronous speed of 50 Hz excitation voltage. 

Therefore, the increment of UMP should be around 13% at synchronous speed. 
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Referring to Figure 4-25, the difference in UMP increased with the rotor slip 

because the skewed rotor caused additional leakage flux that crosses the airgap. This 

additional leakage flux is skewed leakage flux, which is also a function of current. The 

skewed leakage inductance can be added on top of the airgap leakage inductance for 

the UMP calculation. The airgap leakage inductance is constant if the magnetic core 

saturation is not taken into account.  

From Figure 4-27, it shows that the difference between the UMP with and 

without rotor skewing increased as the slip increased, because a high portion of UMP 

was caused by the fundamental flux when it was running at a synchronous speed. The 

FEA results in Figure 4-27 shows a difference of 15% at synchronous speed, which is 

almost the same as the 13% calculated in Figure 4-26; the analytical calculation is 

slightly lower, because the additional leakage flux is not taken into account.  

As the contribution of the UMP caused by the airgap leakage flux increased 

when the rotor slip increased, the percentage difference became higher, and the 

increment “saturated” when the rotor slip was higher than 0.02. The “saturation” of 

increment was due to UMP caused by the airgap leakage flux being much higher than 

the UMP caused by the fundamental flux. 

 

Figure 4-27: Percentage difference between the UMP with and without rotor skewing. 
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4.6 Axial-varying Eccentricity 

The assumption of constant eccentricity across the axial direction of the rotor 

is not entirely applicable to a real case scenario. Therefore, axial-varying eccentricity 

needs to be added as an additional factor that influences the damping effect and UMP 

calculation.  

4.6.1 Calculation for axial-varying eccentricity 

Figure 4-28 shows the side view of an induction machine with an axial-varying 

eccentricity. The axial-varying eccentricity has assumed that the rotor does not bend, 

so the eccentricity changes linearly along the axial direction. 

 

Figure 4-28: Side view of axial-varying eccentricity. 

The axial-varying eccentricity is a function of the rotor axial coordinate, which 

is shown in (4-20). 

 _BWF = _n − _n − _g� W (4-20) 

 where W  is the local point in the axial direction. For an eccentric rotor, the 

magnetising inductance is different with different rotor eccentricity, because the 

magnetic permeance changes with the rotor eccentricity [141]. By considering only 

the first harmonic, the correction factor for the magnetising inductance due to the rotor 

eccentricity can be written as: 

 �T��BWF = 1ä1 − _BWFg (4-21) 

_n _n _g 
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In addition, the magnetising inductance is also affected by the magnetic 

saturation. The overall correction factor is: 

 �P = �a���T�� (4-22) 

where �P is the overall correction factor and the �a�� is the saturation factor. 

Although the magnetic permeance is higher in an eccentric rotor, the magnetic 

saturation caused by the eccentric rotor will reduce the magnetic permeance. 

Combining the correction factor with the original stator inductance, the stator 

inductance with an axial-varying eccentricity can be calculated by using: 

 �¢XT�t = �¢Bå �P¦U NW� F (4-23) 

Before going into the UMP calculation, the average eccentricity from the axial-

varying eccentricity needs to be calculated. After applying the correction factor, �P, 

the average eccentricity of the machine is shown in: 

 _������ = 1�¥ �PBWF_BWFNW¦
U  (4-24) 

To analyse the UMP through the multi-slice 2D FEA, the actual eccentricity 

for the multi-slice simulation is the discrete integral of (4-24) which is:  

 _������ = 1w H �PBKWF_BKWFt
a�Qn  (4-25) 

For an axial-varying rotor, the voltage induced at any point is different because 

the magnitude of the M ± 1 flux has a different magnetic field strength with different 

eccentricity. As the rotor bar current is the same for each slice, the counteracting rotor 

flux remains the same, even when the magnitude of the stator M ± 1 flux changes 

axially. The assumption is that the C) is 0 in the operating region of the induction 

machine, because the slip frequency for the M ± 1 flux is high, where the reactance is 

much higher than the resistance. The effective eccentricity is introduced in (4-26). 
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 _T  BKWF = _BKWF − ¯B1 − ÓF_������° (4-26) 

The _ that was used in the formula is actually the ratio between M ± 1 flux and M flux. Therefore, _T   was introduced to calculate the resultant M ± 1 in the airgap. 

For a constant axial eccentricity, _T   is the multiplication of _ and the UMP Damping 

Coefficient, Ó. The equations for the total UMP acting on the rotor is: 

 yz{Á = H H r�Wa�_T  BKWF2SU APgO
PQRO

t
a�Qn  (4-27) 

where Wa�  is the length of the slice. For the magnetic flux with high space 

harmonics, the _T  BKWF = _BKWF, because there is no counteracting flux induced in the 

rotor bar. 

 

Figure 4-29: Analytical calculation for a 4-pole cage rotor machine with average 20% eccentricity. 

Figure 4-29 is simulated by using (4-20)-(4-27). The eccentricity gradient is 

the steepness of the axial-varying eccentricity. The magnetising flux is assumed 

constant in this simulation. Therefore, the airgap leakage flux increased when the 

current increased. Thus, the quadratic relationship is shown between the current and 

the UMP. For the machine running at a different current, it was proven that the gradient 
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of the axial-varying eccentricity will increase the UMP. The increment of UMP is not 

linearly proportional to the axial-eccentricity gradient. 

4.6.2 Results for axial eccentricity 

Machine-1 (4-pole cage rotor) is simulated by a 2D multi-slice FEA. Five slices 

were used in the simulation. The four different cases that will be analysed are shown 

in Table 1. 

Case _n _g _������ Gradient 

1 0.2 0.2 0.204 0 

2 0.3 0.1 0.205 0.1 

3 0.4 0.0 0.208 0.2 

4 0.6 -0.2 0.225 0.4 

Table 4-2: Four different axial-varying eccentricity cases to be analysed in FEA. 

The calculated _������ is different from the average rotor eccentricity. _������ 
is the actual eccentricity that experienced in the rotor. These 4 cases have the same 

average static eccentricity of 20%. However, the _������  is also a function of the 

magnetic permeance which causes the increment of _������ for a steeper axial-varying 

eccentricity. 

 

Figure 4-30: UMP for each slice in Case-3. 
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Case-3 is selected to show the UMP of the five slices in Figure 4-30. When the 

rotor slip is 0, Slice-1 has the highest positive UMP, and Slice-5 has a negative UMP. 

The direction of the UMP is related to the difference between the average eccentricity 

of the whole machine and the eccentricity of each slice. With the increment of the rotor 

slip, it can be seen that the UMP increment for each slice was related to their local 

degree of eccentricity (0% eccentricity in Slice-1, 10% eccentricity in Slice-2, 20% 

eccentricity in Slice-3, 30% eccentricity in Slice-4, 40% eccentricity in Slice-5). The 

increment of UMP is based on the local eccentricity of each slice because: 1) the 

increment of UMP when the slip increases is due to the increment of airgap leakage 

flux, 2) the airgap leakage flux does not induce voltage in the stator and rotor circuit, 

so the leakage flux of each slice does not affect each other. Therefore, Slice-1 had the 

largest increment while Slice-5 had zero increment when the rotor slip increased. 

It can be concluded that the changes of UMP for each slice is directly 

proportional to the local degree of eccentricity. Therefore, the UMP of the 1st and 5th 

slice are enough to reflect the whole situation. The combined view of the 1st and 5th-

slice for each case is shown in Figure 4-31, and the total UMP for each case is shown 

in Figure 4-32. The results from 0 to 0.055 slip are shown, which is within the 

operating region of the machine. 

 

Figure 4-31: UMP for the first and last slice. 
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Case-4 has the steepest axial-varying eccentricity compared to 3 other cases. 

From Figure 4-31, the Slice-1 for all cases has a positive UMP because the direction 

of eccentricity is the same for all cases. When the slip increases, it can be seen that 

Case-4 has a more significant increment in UMP than the other 3 cases. For high 

degree of eccentricity, the permeance harmonics from the 2nd and 3rd order cannot be 

neglected. Therefore, Case-4 shows the sharpest increment in Slice-1. 

For the 2nd, 3rd, and 4th case, their Slice-5 had a negative UMP when the 

machine was running at a synchronous speed. This scenario was due to the damping 

effect of the rotor because the magnitude of the damping current was determined by _������.  Due to the fact that the 5th slice of Case-4 had a negative eccentricity, the 

UMP increased toward the negative direction when the current increased. However, 

the 5th slice of Case-3, which had a zero eccentricity, the UMP remained the same even 

when the slip increased. The 5th slice of Case-2 had a positive eccentricity, so the 

negative UMP was reduced. 

 

Figure 4-32: Overall UMP for all 4 cases. 

The results shown in Figure 4-32 are used to verify the analytical results from 

Figure 4-29. It shows good correlation between the two graphs. The total UMP 

increased with the slip because the average eccentricity of all cases was 20% 

eccentricity in the same direction. In addition, if neglecting the saturation factor, the 
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overall inductance of the machine also increased when the eccentricity increased. 

Although the increment of the machine’s inductance did not affect the magnetising 

flux, the increment of the inductance did cause higher leakage flux flows in the 

machine.  

The _������ is directly related to the UMP from the airgap leakage flux. The 

difference of _������  for Case-1 and Case-4 was around 10%. Therefore, it can be 

shown that the UMP increment does not make a big difference between each case. For 

the UMP from the fundamental flux, the _������ is just a part of the UMP calculation, 

which is shown in (4-26). The UMP Damping Coefficient at a high rotational 

frequency is usually less than 0.1. In this case, a slight difference in _������ increased 

the resultant UMP. Therefore, the UMP at zero slip for Case-1 was 100% higher than 

Case-4. 

4.7 Power Losses due to Rotor Eccentricity 

As the eccentric rotor would cause an uneven flux distribution around the 

airgap, this may have caused additional power losses in the induction machine with 

rotor eccentricity. This section analyses the changes in the power losses due to rotor 

eccentricity. The discussion is divided into iron losses, copper losses, and bearing 

frictional loss. 

4.7.1 Iron losses 

The two main iron losses are the hysteresis loss and the eddy current loss. 

Hysteresis loss is caused by the energy dissipating from the domain changes of the 

ferromagnetic material when the magnetic field has changed in the ferromagnetic 

material. The anomalous loss is part of the hysteresis loss. Then, eddy current loss is 

the resistive losses caused by the current conduction in the ferromagnetic material. It 

is difficult to predict iron losses, because of the magnetic flux around the machine 

changes in space and time. In addition, it is impossible to isolate the secondary effects 

from the eddy current.  
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The Hysteresis loss and the Eddy Current loss formulas are shown in (4-28) 

and (4-29) [142]. 

 {�àaa_ç = £çAè�é	 (4-28) 

 {�àaa_ê = £êAgW�g�g	 (4-29) 

The value of £ç  and £ê  depend on the material properties. Both coefficient 

values could be varying depending on different conditions. The £ç  varies with the 

magnitude of the peak magnetic flux density. And, £ê  also varies with both the 

frequency and the magnitude of the peak magnetic flux density [143]. In both iron 

losses, increments of magnetic flux and its frequency led to increment of iron losses. ë and ¶ are determined by a curve-fitting of the loss model from the measured data. 

When ¶ is different from 1, the hysteresis loss also included anomalous loss.  

Usually, datasheets of iron cores only show the total losses over a different 

range of flux density for a specific frequency. The iron losses are not separated into 

hysteresis loss, anomalous loss and eddy current loss. In [144], the aurthors had shown 

the separation technique to get the parameters for iron losses calculation. The eddy 

current loss had a fixed power coefficient of two for all the cases. However, the 

hysteresis loss power coefficient for the peak magnetic flux density and the frequency 

were not constant at different frequencies.  

Three assumptions were made to simplify the equation: 

• The anomalous loss is neglected. Therefore, the frequency power coefficient 

for the hysteresis loss is 1. 

• This section is to analyse the losses caused by the uneven magnetic flux 

distribution over the machine. Therefore, in order to combine both eddy current 

and hysteresis loss for an overview of the effect caused by the eccentric rotor, 

the power coefficient is set to 2 where the R-squared curve fitting is 0.9842.  

• The !9  and !�  are assumed to be constant at every frequency and every 

magnetic flux density. This is because the rated magnetic flux density for an 

induction machine is low to avoid high magnetising current and most of the 
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magnetic flux rotates at a low frequency. Therefore, the changes of the 

coefficients are negligible. 

With these three assumptions, the Steinmetz equation for the iron loss model is shown 

in (4-30). 

 {�àaa_ÁYàt = Agh£êW�g�g + £ç�k	 (4-30) 

As the A in (4-30) is squared, finding the total harmonic distortion (THD) could find 

the increment of the iron loss due to an eccentric rotor. The total harmonic distortion 

is increased in an eccentric machine. (4-32) shows the THD of the magnetic flux 

harmonics of a concentric rotor. 

 

ìí� = Ø�12 _A�P}ng + �12 _A�PRngA  

(4-31) 

 ìí� = Ø12 _g	 (4-32) 

The total iron loss from an eccentric rotor is shown in (4-33). It was 

demonstrated that the iron loss had an increment of  
ng _g . For example, 50%  

eccentricity would increase the iron loss by 12.5%.  

 {�àaa_ÁYàt_T��Tt�YÁ� = {�àaa_ÁYàt ª1 + 12 _g«	 (4-33) 

The iron losses are not evenly distributed across the induction machine. For 

example, the tooth tips have a higher flux density than the back iron. However, the 

stator back iron contributes more than 70% of the total stator iron loss [145]. Therefore, 

FEA is used because it is suitable to analyse the complex electromagnetic circuits. 

In Figure 4-33, the graph shows the predicted iron losses and the simulated iron 

losses. The prediction is based on (4-33) where the prediction model used the iron 

losses of a concentric rotor’s results from the FEA simulation to estimate the eccentric 
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rotor iron loss. Then, FEA results for the eccentric rotor were used to compare to the 

prediction model.  

Figure 4-33 proves that the iron loss prediction from (4-33) for both the stator 

and the rotor iron losses. The rotor iron losses are usually neglected when considering 

only the fundamental magnetic flux in the low slip region. This is because the iron 

losses are a function of frequency, where the frequency of the fundamental magnetic 

flux at low slip is almost zero. 

 

Figure 4-33: Iron losses for Machine-3. 

However, the rotor iron losses should not be neglected in the induction 

machine, because the other space harmonics flux will produce a significant power loss, 

as shown in Figure 4-33. As discussed in the last few sections, all the space harmonics 

will generate the additional magnetic flux due to asymmetric airgap. From here, it can 

be proven that the iron losses prediction model has included all the space harmonics. 

 

Figure 4-34: Comparison of the iron losses at different rotor slip. 
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        Figure 4-34 shows that iron loss remains constant with varying rotor slip. 

Therefore, the difference between the eccentric rotor and the concentric rotor remains 

at different rotor slip. The total iron loss in the wound rotor induction machine will 

increase by  
ng _g. 

4.7.2 Copper losses 

Copper losses are the heat loss in a conductor, which is produced when the 

electrical current is flowing through the conductor. The conductor’s resistance is 

constant when current is flowing in DC. When a high frequency current flows in the 

conductor, the skin effect has to be considered. In an induction machine, the copper 

losses can be separated as stator copper loss and rotor copper loss. When the windings 

are series connected, the only current with the same pole-pair harmonic could be 

induced in the circuit. For most of the machine’s design, stator windings are series 

connected. Therefore, an eccentric rotor and a concentric rotor induction machine have 

almost the same stator copper loss. The basic copper loss formula is shown in (4-34). 

 {�àaa_�àPPTY = ¾gR	 (4-34) 

For the wound rotor induction machine, the rotor copper loss is the same for the 

eccentric and concentric rotor cases due to the series connection of the rotor where the 

additional pole pair flux could not be induced in the circuit. Therefore, in this section, 

only the cage rotor induction machine is discussed.  

For cage rotor induction machine, the rotor bar damps the additional pole pair 

flux. So, higher rotor current total harmonics was induced in the rotor bar. The stator 

and rotor copper losses were separately analysed. FEA was used to analyse Machine-

1. A comparison between the concentric rotor and 50% static eccentricity was made.  
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Figure 4-35: Copper Losses in Machine-1. 

 

Figure 4-36: Difference in the copper loss between 50% and 0% rotor eccentricity. 

The current increased linearly with the rotor slip when the slip was low. Figure 

4-35 shows the power loss increases quadratically when the slip increases. Figure 4-36 

is used to show the difference in copper losses between a machine with a 50% static 

eccentricity with 0% static eccentricity.  

Figure 4-36 shows that the stator copper loss of 50% eccentricity was slightly 

lower than the concentric rotor. The small difference was due to the increment of the 

magnetising inductance due to rotor eccentricity. As rotor eccentricity increases the 

magnetising inductance, the lesser magnetising current was needed. Therefore, the 

difference in stator loss is almost constant when rotor slip increases because of the 

constant magnetising current. 
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 Meanwhile, for the rotor copper loss, the rotor with 50% static eccentricity 

was higher than the concentric rotor. The difference increased quadratically as the slip 

increased. This is because there is an additional pole pair ±1 flux induced in the 

parallel windings. As discussed earlier, the parallel circuit at the cage rotor bar allows 

additional circulating current flows. The circulating current causes high copper loss. 

In [146], the authors showed that the increment of the rotor current was due to the 

induced current in the eccentric rotor. When the machine was running at a synchronous 

speed, most additional pole pair ±1 flux induced in the rotor bar was the fundamental 

magnetising flux. As the slip increased, there was an increment of pole pair ±1 flux 

from the belt harmonics. So, more flux was induced in the rotor bar which caused the 

difference of rotor copper loss to increase with slip.  

                  

Figure 4-37: Percentage difference of the copper losses between 50% and 0% rotor eccentricity. 

Figure 4-37 shows the percentage difference of the results in Figure 4-36, in 

which the denominator of the percentage calculation is the mean of the copper loss of 

the 0% and 50% static eccentricity. In Figure 4-37, although there is an increment in 

the rotor copper loss when the slip increased from 0 slip, the overall percentage 

difference dropped when the slip increased. This is because the current increment from 

the load was higher than the induced current by the additional magnetic flux. As the 

slip further increased from 0.02 slip, the rotor copper loss is slightly increased because 

the higher belt harmonics flux induces current in the rotor bar. Meanwhile, as the stator 

copper loss remains is constant at the low slip region, the difference in percentage 
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decreased as the slip increased. When the machine runs at full-load, the reduction of 

stator copper loss due to rotor eccentricity can be neglected, while the increment of 

rotor copper loss is around 5% of the original copper loss. 

4.7.3 Bearing frictional loss 

The frictional resistance of the object’s relative motion creates a frictional loss, 

which results in heat generation. In a wind turbine generator, 0.6% of energy 

consumption comes from bearing friction loss [147]. Power dissipated from the 

frictional loss is transformed into heat which causes the temperature to rise in the 

machine.  

 {�àaa_ YÁ��Áàt = S YÁ���TïLX (4-35) 

The instantaneous power loss due to friction force can be calculated from (4-35). 

The S YÁ� of a ball bearing is around 0.0002. The LX is in radian per seconds.  �Tï is 

the total force acting on the bearing.  

 �Tï = �hðY������ + yz{�����������k (4-36) 

 Due to many uncertainties in the mechanical loss, the simulation of Figure 4-38 

is based on these assumptions: 

• The axial force acting on the bearing is neglected. 

• The total radial force is the resultant force of the rotor weight and the UMP 

from (4-36). 

• The rotor weight and the UMP weight are acting in the same direction. The 

rotor weight of Machine-3 was used, which is 14 kg. 

• A ball bearing with a diameter of 40 mm and a friction coefficient of 0.002 was 

used.  

• The constant rotational speed of 1500 RPMs was used. 

• � was set to 1. � from (4-36) was the modifier for the different bearing loading. 

1 is for a constant loading. 

• The radial loading does not increase the degree of eccentricity. 

 



Characteristics of UMP 

 132 

 

Figure 4-38: Bearing friction loss at different UMP. 

 Figure 4-38 shows that the power loss increased as the UMP increased. For the 

wound rotor induction machine (Machine-3) with 50% static eccentricity, the UMP of 

the machine was 2.5 kN when running at full load. This means that the bearing 

frictional loss increased from 1.6 W to 32 W. For the cage rotor induction machine 

(Machine-1) with 50% eccentricity, UMP of the machine was 380 N when running at 

full load. The bearing friction loss increases from 1.6 W to 6 W.   

4.7.4 Summary of machine power losses analysis 

With the existence of rotor eccentricity, there are additional power losses in the 

machine, in which the efficiency of the machine is reduced. Figure 4-39 illustrates the 

power losses comparison between the concentric rotor and the rotor with 50% static 

eccentricity in Machine-3 (wound rotor induction machine). It shows that the UMP 

significantly increased the bearing friction loss. As the UMP remained large when the 

machine was lightly loaded, the efficiency of the machine was reduced by 3.3% at 0.01 

rotor slip (or 9 Nm). When the slip increased, the reduced efficiency of the machine 

became lower, because of the slow increment of power losses. At a 0.05 slip (full load), 

the efficiency of the machine was reduced by 0.75%.  
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Figure 4-39: Comparison of power losses between 0% and 50% static eccentricity of Machine-3. 

Comparing Figure 4-39 and Figure 4-40, the reduction of efficiency in 

Machine-1 (cage rotor induction machine) was not as significant as the reduction of 

efficiency in Machine-3, because the UMP of the cage rotor induction machine is 

lower in the wound rotor induction machine. Also, the difference of copper loss in the 

cage rotor induction machine was not as significant as the increment of iron loss in the 

wound rotor induction machine. As the UMP increases quadratically when the slip 

increases, the contribution of bearing friction loss is least significant when the machine 

operates close to the synchronous speed. When the slip is larger than 0.03, the 

increment of bearing friction loss reduces the machine efficiency.  

 

Figure 4-40: Comparison of power losses between 0% and 50% static eccentricity of Machine-1. 
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The rotor eccentricity should be taken into account when calculating the power 

losses in order to achieve an accurate power loss estimation.  A summary of the power 

losses of both types of machine at full load and 50% of static eccentricity is shown in 

Table 4-3. 

 Cage Rotor Wound rotor 

Iron Losses Negligible 

12.5% increment of the total iron 

losses of a concentric machine or 

0.15% reduction from the machine 

efficiency 

Copper Loss 

4% increment of the copper losses 

of a concentric machine or 0.12% 

reduction from the machine 

efficiency 

Negligible 

Bearing Friction Loss 

652% increment of the bearing 

friction loss or 0.17% reduction 

from the machine efficiency 

1872% increment of the bearing 

friction loss or  0.53% reduction 

from the machine efficiency 

Table 4-3: Power losses comparison between Machine-1 and Machine-3 with 50% static 

eccentricity at full load. 

4.8 Chapter Summary 

In this chapter, the UMP difference between cage rotor and wound rotor 

induction machines are investigated. The wound rotor induction machine has a much 

larger UMP than the cage rotor induction machine because the parallel path in the cage 

rotor produces a counteracting flux that damps the UMP.  The UMP damping effect is 

only applicable for the magnetising flux, where the pole pair ±1 flux is cutting through 

the rotor bar and inducing EMF in the rotor. As the damping effect could only be 

solved numerically, the UMP Damping Coefficient is introduced for steady-state 

analysis which can be used in the analytical calculation. The Damping Coefficient is a 

function of rotor slip, stator excitation frequency and rotor resistance. The influence 

from the rotor slip, excitation frequency and rotor resistance are verified by using both 

the FEA and experimental work.  
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The findings show that the direction of the UMP caused by the magnetising 

flux did not act toward the narrowest air gap when UMP damping exists. Although the 

direction of the UMP caused by the magnetising flux changed with slip, the UMP 

caused by the air gap leakage flux was still acting toward the narrowest air gap. 

Therefore, as the slip increased, the direction of the UMP was close to the direction of 

the narrowest air gap, because the air gap leakage flux was the dominant flux when 

the machine was excited at its rated frequency. 

Next, with the Damping Coefficient, UMP calculations for skewed cage rotor 

and axial-varying eccentricity were further derived. The proposed analytical equations 

were verified by using multi-slice 2D FEA. For a skewed rotor, the effectiveness of 

the UMP damping effect from the rotor was slightly reduced, because the skewed rotor 

had reduced the magnitude of the pole pair ±1 magnetic flux. In addition, the skewed 

rotor increased the airgap leakage flux, which caused larger UMP when the slip 

increased.  

Meanwhile, for axial-varying eccentricity, the average rotor eccentricity was 

not the same as the actual eccentricity. Four different cases with the same average 

eccentricity, but with different eccentricity gradients, were investigated. The results 

showed that the axial-varying eccentricity with the higher gradient had a higher UMP, 

even if the average eccentricity was the same. This was because the higher magnetic 

permeance harmonics needed to be taken into account for the high degree of 

eccentricity. 

Then, the power losses model for a machine with rotor eccentricity was 

analysed and compared with a healthy machine. With the existence of rotor 

eccentricity, the iron loss of the wound rotor induction machine increased, while the 

rotor copper loss of the cage rotor induction machine increased. As UMP caused 

additional radial load on the bearing, the bearing friction loss increased. The higher 

UMP of the wound rotor induction machine significantly increased the bearing friction 

loss. Lastly, the comparison of  the machine efficiency was demonstrated for both 

types of machines when the rotor eccentricity was taken into consideration.  
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5 Empirical Method for UMP 
Estimation 

A novel method for UMP calculation is shown in this chapter, which uses an 

empirical method to estimate the UMP. The proposed empirical method is developed 

based on the analytical modelling shown in (3-40). The main reason of proposing this 

empirical method is due to the leakage flux that crosses the airgap, which is machine’s 

geometry dependent and is very difficult to be calculated analytically. The FEA is 

often used to find the airgap leakage inductance for the conventional analytical UMP 

calculation. However, the airgap leakage inducatance needs to be recalculated for 

different loads, rotor eccentricity, and excitation voltage. Therefore, instead of finding 

the airgap leakage inductance like the conventional UMP analytical calculation in 

(3-40), the empirical method is a more direct method that uses the available 

experimental or FEA data to acquire the parameters to calculate UMP; the parameters 

used in the empirical method are divided into UMP caused by airgap leakage flux and 

UMP caused by magnetising flux.  

In order to use the empirical method to estimate the UMP, knowledge from 

Chapter 3 and 4 is needed, which includes the UMP Damping Coefficient, the 

magnetic saturation, the categorisation of airgap flux, the UMP analytical model, and 

the skewed rotor calculation. The fast computational time of the empirical method is 

useful when a real-time UMP prediction is needed. Furthermore, a UMP/Torque ratio 
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is introduced to find the optimum operating slip with the lowest UMP. One of the 

objectives of the thesis is to reduce the UMP by applying a suitable control strategy. 

Two reasons that a UMP/torque ratio could be used to find the lowest UMP is: First, 

torque is linearly proportional to current when the rotor slip is low, and second, UMP 

is caused by uneven flux distribution, where flux is proportional to current. 

5.1 Empirical Method 

The UMP model shown in (3-40) is a function of magnetic flux density, which 

is linearly proportional to the current. Therefore, the UMP can be calculated after 

acquiring the current of the stator and the rotor. The rotor current characteristic is 

related to the stator current, because the rotor current is induced from the stator flux. 

From the UMP characteristic in Figure 4-18, the UMP is a quadratic function 

when the induction machine is in its operating region. The constant offset component 

of the UMP is mainly caused by the magnetising flux and the squared component is 

caused by the airgap leakage flux. This is because the magnetising flux is almost 

constant when the induction machine operates below its rated slip. Then, when the slip 

increases from the no-load condition, the stator and rotor currents have a linear 

relationship with the slip, so, the airgap leakage flux of the induction machine 

increases when the slip increases. The airgap leakage flux for each space harmonic 

also produces their own pole pair ±1 which produced UMP. Therefore, as the UMP 

analytical model is a function of the current squared, which is shown in (3-40)-(3-43), 

the UMP has a quadratic increment as the slip increases.  

The leakage flux that crosses the airgap cannot be calculated using an analytical 

model because of the complex design of an induction machine. The airgap leakage 

flux is affected by the machine airgap length, the rotor and stator teeth length and also 

the slot size. The airgap leakage inductance does not change much when the machine 

is running in its operating region. Therefore, FEA simulation can be used to find the 

relationship between UMP and current. The constant of the relationship can be found 

through curve fitting. Then, it can be used empirically to calculate the UMP caused by 

the fundamental magnetising flux and leakage flux. When the machine is running at a 
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higher slip, the high current is causing the core saturation, which can affect the 

empirical calculation. Therefore, the empirical method is only applicable for low slip 

operation because core saturation is not obvious in low slip operation. 

5.1.1 Derivation of the empirical method 

Assumptions are made to simplify the UMP model: 

• The excitation voltage is equal to the supplied voltage. The stator 

resistance is negligible at low slip because the current at low slip is 

much lower than the starting current and the magnetising branch causes 

most of the voltage drop.  

• The total airgap leakage inductance (%��) for the stator and the rotor 

are assumed to be the same. %�� is assumed to be constant when the 

induction machine operates at its operating region [148].  

• Rotor reactance is negligible at low slip operation because of the low 

rotor slip frequency. Therefore, the rotor slip is assumed to have a linear 

relationship with the machine load. 

• The product of UMP Damping Coefficient (2) with the magnetising 

flux (;�) is assumed to be constant. Figure 5-2 has proven that the 

multiplication of the 2  with ;�Ã   are almost constant. For static 

eccentricity, the 2 increases when the slip increases; the magnetising 

flux decreases when the slip increases, as shown in Figure 5-1. For the 

wound rotor induction machine where its 2 is equal to 1, the reduction 

of ;� need to be considered. 

As the empirical method is used to estimate the UMP below the rated slip, the 

rotor leakage reactance can be neglected due to the low rotor slip frequency. Through 

neglecting the rotor leakage reactance, the magnetising current and the rotor current 

have a phase angle difference of 90 degrees, so they could be calculated independently. 

The relationship between the stator and rotor current could be written as (5-1). 

 ¾¢ = ñòX + ÈYñòX ¾�	 (5-1) 
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Equation (5-2) shows that the magnitude of the stator current is the vector summation 

of magnetising current and rotor current. 

 ¾¢ = c¾óg + ¾�g	 (5-2) 

 
Figure 5-1: UMP Damping Coefficient and magnetic flux density at different slip. 

 

 

Figure 5-2: UMP ratio of the fundamental magnetising flux at different slip. 

Equation (5-3) shows the overall UMP equation at any instant of time. Only the 

static eccentricity constant component is considered. The magnetic flux can be 

separated into the magnetising flux and the airgap leakage flux. The rotor’s parameters 

are referred to the stator side. 

 yz{ = ôõÓB�ó¾óFg + B��ö¾óFg + B��ö¾¢Fg + B��ö¾�Fg÷	 (5-3) 
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The constant 		ô = øù±²§Y¦  , which is a function of the degree of static 

eccentricity and the machine parameters. In (5-3), the 3rd and the 4th components are 

the same because the stator and rotor airgap leakage flux are assumed to be same. The ��ö in (5-3) does not reflect to the flux coupled with fundamental pole pair windings.  

 ¾ó = �òó	 (5-4) 

 ¾� = K�ÈY 	 (5-5) 

Equation (5-5) shows ¾� is a function of the rotor slip. Also, ¾ó is assumed to 

be constant. � from (5-4) and (5-5) is the machine’s rated voltage. The UMP equation 

from (5-6) could be separated into 2 components: constant component and slip-related 

components. �g is added into (5-6) to normalise for different excitation voltage, where � is voltage in per unit system of the rated excitation voltage (�). 

 yz{ = 2ôKg�g ª��ö �ÈY«
g + ô�g úÓB�ó¾óFg + h��ö¾ókgû		 (5-6) 

 
                  Let,  						� = 2ô ���ö ê�ü�g 

A = 	ô úÓB�ó¾óFg + h��ö¾ókgû	
(5-7) 

Equation (5-7) shows the parameterisation of the 2 components in (5-6). From 

FEA results or experimental results at different slip, 2nd degree polynomial curve 

fitting is used to find the relationship between the UMP and the slip. The linear 

component of the 2nd degree polynomial curve fitting is set to zero. Then, the constant 

component and square component of the curve fitting can be substituted as parameters-� and A.  

5.1.2 Limitations 

There are a few assumptions made for the proposed empirical method. 

Therefore, the empirical method is only applicable if it is used for situations within the 

assumptions. Therefore, the limitations of the empirical method are: 
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• Curve fitting does not provide the most accurate results, where there is a range 

of constants that could fit to find the � and A parameters. However, this error 

will not significantly affect the overall value of the UMP. The average of the 

parameters can be taken to predict the UMP of the induction machine. 

• The empirical method is only applicable below the machine’s rated slip, in 

which the voltage drop across the leakage inductance and the stator resistance 

are neglected. 

• The Damping Coefficient needs to be recalculated for every machine. The 

characteristic of the multiplication between the Damping Coefficient with the 

square of magnetising flux may not be assumed constant at low slip region. 

5.2 Results for Empirical Method 

The 2nd degree polynomial curve fitting is applied to the FEA and the 

experimental results to find the parameter-� and -A, which is shown in (5-7). The 

extracted parameters could be used to estimate the UMP at a different degree of rotor 

eccentricity and different excitation voltage. The empirical method is examined on 

Machine-1, -2 and -3. The extracted parameters of each machine are compared with 

each other to study on the characteristic of the UMP.  

The extracted parameters from the simulation results of Machine-1 are used to 

estimate the UMP caused by the different degree of static eccentricity and the UMP 

caused by dynamic eccentricity, which are shown in Section 5.3 and 5.4 respectively.  

5.2.1 Cage rotor induction machine 

Both the FEA and experimental works were done on Machine-2 to find the 

UMP.  The rotor with 20% of static eccentricity was created, and the excitation voltage 

of 0.35 p.u. and 0.5 p.u. were used for this analysis. From Figure 5-3, the FEA results 

were slightly lower than the experimental results for both 0.35 p.u. and 0.5 p.u. 

excitation voltage. The difference is mainly because FEA was simulated in a 2D 

model, where the skewed rotor was not taken into account. The analysis of the skewed 

rotor was shown in Section 4.5. The larger UMP of the skewed rotor was due to the 

reduction of the induced pole pair ±1 magnetic flux in the rotor, so, the damping effect 
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was reduced. Furthermore, the skewed rotor also increased the airgap leakage flux 

which also contributed to the larger UMP. 

 

Figure 5-3: UMP vs slip for Machine-2 with 20% eccentricity. 

In Table 5-1, the parameter-A of the FEA results had a lower value than the 

experimental results. The smaller parameter-A was caused by the reduced damping 

effect from the cage rotor, because the main UMP in parameter-A  is from the 

fundamental magnetising flux. Then, the slightly lower parameter-� of the FEA than 

the experimental result is caused by an increment in airgap leakage flux, which is 

contributed by the skew leakage flux. 

Furthermore, the FEA and experimental results at different supplied voltages 

are almost the same. This is because the low excitation voltage does not cause 

magnetic saturation in the iron core. 

 

Voltage (p.u.) � A R-squared value 

0.35 (FEA) 46440 156 0.9910 

0.5   (FEA) 45840 154 0.9753 

0.35 (Exp) 52718 165 0.9787 

0.5   (Exp) 50520 176 0.9665 

Table 5-1: Curve-fitting for the results in Figure 5-3. 
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In Figure 5-3, the FEA was used to find the UMP in Machine-1. The rotor with 

20% of static eccentricity was set, and the excitation voltage of 1.0 pu, 0.7 pu and 

0.5pu were used for this analysis. 

 

Figure 5-4: UMP vs slip for Machine-1 with 20% eccentricity. 

From Table 5-2, the �  and A  parameters change as the supplied voltage 

increases. When the voltage increases, the parameter- �  decreases, while the 

parameter-A remains almost the same. The reduction of parameter-� is due to the 

magnetic saturation. The 0.5 p.u. and 0.7 p.u. cases have a much closer parameter-� 

than the 1.0 p.u. case. This is because the airgap leakage inductance is affected by the 

magnetic saturation. 

Voltage (p.u.) � A R-squared value 

0.5 157040 108.5 0.9984 

0.7 147740 109.5 0.9964 

1.0 125800 110 0.9840 

Table 5-2: Curve-fitting for the results in Figure 5-4. 
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  Comparing the FEA results of Machine-1 and Machine-2, even though both 

machines have almost the same volume, peak magnetic flux and eccentricity, the 

parameter-A of Machine-2 was 50% higher than Machine-1. This is because Machine-

1 has a lower pole-pair number than Machine-2, where the slip frequency of the 

additional ±1 pole-pair fundamental flux is higher. The higher slip frequency would 

increase the damping of UMP.  

However, the parameter- �  of Machine-1 was 3 times higher than the 

parameter-� of Machine-2. These results were correlated with the results from Figure 

4-14 and Figure 4-15. The difference was mainly from the airgap difference between 

both machines, where Machine-2 has a 0.9 mm airgap and Machine-1 has a 0.5 mm 

airgap.  

5.2.2 Wound rotor induction machine 

In Figure 5-3, the UMP in Machine-3 was found by using FEA. The analyses 

on 20% of static eccentricity and the excitation voltage of 1.0 p.u., 0.7 p.u. and 0.5 p.u. 

were done. 

 

Figure 5-5: UMP vs slip for Machine-3 with 20% eccentricity. 

From Table 5-3, the � and A parameters decreased when the supplied voltage 

increased due to magnetic saturation. When the machine was experiencing magnetic 

saturation, the magnetic permeance difference between the narrowest airgap and the 
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widest airgap will decrease. This will reduce the increment of UMP due to incrthe 

ement of the excitation voltage. In addition, the parameter-A of Machine-3 was 10 

times higher than parameter-A of Machine-1 because the wound rotor could not damp 

the additional ±1 pole pair flux. 

Voltage (p.u.) � A Standard error 

0.5 65720 1020 0.9969 

0.7 58380 985 0.9968 

1.0 54250 893 0.9984 

Table 5-3: Curve-fitting for the results in Figure 5-5. 

However, even though the airgap length of Machine-3 is the same as the airgap 

length of Machine-1, the parameter- � of Machine-3 is much lower than Machine-2. 

This is because of: 

1) Wound rotor does not induce the additional ±Å pole pair flux, which 

causes lower induced rotor current and lower rotor leakage flux. In 

addition, the wound rotor has more rotor slots than the cage rotor. A 

higher number of slots will reduce the peak magnetic flux. 

2) The slight reduction of the fundamental magnetising flux is not taken 

into account. 

In the 2nd reason stated above, the decrement in magnetising flux needs to be 

considered to find the actual parameter-�. The investigation of the actual parameter-� 

is to understand the UMP caused by the airgap leakage flux, but it will not be used in 

the UMP calculation. The magnetising flux can be found either by using a look-up 

table, or analytical calculation. Parameter-ý is introduced as the reduction factor of 

the UMP caused by magnetising flux, which is a function of the rotor slip. The 

magnetising flux characteristic at different slip is shown in Figure 5-1. The UMP is 

proportional to the rotor slip squared with a constant offset, which is shown in (5-8).  
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 yz{ ∝ �Kg + A	 (5-8) 

The parameter-A from Table 5-3 is maintained the same but (1 − ýKg) needs 

to be added as a multiplier to reflect the UMP from the fundamental magnetising flux. 

The curve fitting of ý is shown in Figure 5-6. As wound rotor does not damp any flux 

produced by the rotor eccentricity, the airgap leakage flux in A could be neglected 

because it is relatively small compared to the UMP caused by the fundamental 

magnetising flux. 

 yz{ ∝ �������Kg + AB1 − ýK2F	 (5-9) 

 

 

Figure 5-6: Curve fitting for G. 

Comparing (5-8) and (5-9), the ������� can be found by adding the � with the A with the reduction factor which is shown in (5-10). 

 �������Kg = B� + AýFKg	 (5-10) 

Let � = 58000, A = 1000, calculation of (5-10) is shown in Figure 5-7. The 

�������  is 100000. At the rated voltage, the �������  is closer to the � for Machine-

1(125800) after considering the reduction factor in the fundamental magnetising flux. 

As a conclusion, the �������  shown in this section is just to investigate the UMP 

caused by the airgap leakage flux. However, the reduction factor can be ignored and 
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the original parameter-� is used, because the purpose of empirical method is to use a 

simplified method to estimate the final results. 

 

Figure 5-7: Curve fitting to find 	�����" for Machine-3. 

5.2.3 Magnetic saturation 

From the curve fitting of the three different machines, we can see that the 

magnetic saturation affects the � and A parameters. Therefore, saturation factor could 

be added to increase the accuracy of the empirical method. (5-11) shows the extended 

empirical method’s equation from (5-6) that includes the variable of the UMP 

Damping Coefficient and also the saturation factor. The saturation factor is a function 

of rotor slip and excitation voltage. 

 yz{BKF = 2ôKg�g ª�a����ö �ÈY«
g

+ ô�g �ÓBKF ª�a���ó �òó«
g + ª�a����ö �òó«

g�		 (5-11) 

 In this thesis, the calibration of the magnetic saturation is not done, because the 

saturation effect would not have much impact on the overall UMP in the machine that 

is running below its rated slip and voltage. With the refinement in (5-11), the UMP 

calculation could be used even at a higher rotor slip. 
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5.3 Implementation of the Empirical Method for the Machines 

with Static Eccentricity 

This section shows the implementation of an empirical method to estimate the 

UMP of a different scenario. As the magnetic permeance does not change linearly with 

the degree of eccentricity, the effect of different degree of eccentricity is first 

investigated by using FEA on Machine-1. Then, the empirical method is compared 

with the experimental and FEA results of Machine-2 and Machine-3.  

5.3.1 Different degree of eccentricity 

Figure 5-8 shows the results from FEA and empirical method for different 

degree of static eccentricity in Machine-1 at rated voltage. To estimate the UMP 

through the empirical model in (5-6), the value of parameter-� and -A were taken from 

Table 5-2. 

 
 (a) 

   
                (b)                               
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      (c) 

Figure 5-8: Results of FEA and empirical method for (a) 30% (b) 40% (c) 50% static eccentricity.  

Figure 5-8 shows the UMP estimation for a different degree of eccentricity, 

where the orange line shows the UMP estimation that assumes the magnitude of the 

pole pair ±1 sideband flux has a linear relationship with the degree of eccentricity; 

this assumption made for a low degree of eccentricity is shown in Sub-section 3.1.3. 

Therefore, as the degree of eccentricity increased, the difference between the empirical 

method with the FEA results became bigger. To solve this problem, the degree of 

eccentricity substituted into the variable K in (5-6) needs to be modified. The 

modification factor is shown in (5-12). The modification factor is machine dependent 

because it is a function of the saturation factor and the magnitude of the magnetic 

permeance harmonic. 

 

 _Xà` = �Xà`_	 (5-12) 
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5.3.2 Verification of the empirical method 

Figure 5-9 (a) shows the UMP of Machine-2 at 30% static eccentricity with 0.5 

p.u. voltage. Meanwhile, Figure 5-9 (b) shows the UMP of Machine-3 at 50% 

eccentricity with 1.0 p.u. voltage. The parameters used in the empirical calculation are 

extracted from the UMP results of 20% static eccentricity. By comparing the results in 

both figures, the UMP results estimated by the empirical method are almost similar to 

the experimental or FEA results. Therefore, the proposed empirical method is verified. 

 

    (a) 

 

   (b) 

Figure 5-9: UMP of (a) Machine-2 (30% eccentricity, voltage of 0.5 p.u.), (b) Machine-3 (50% 

eccentricity, voltage of 1 p.u.) 
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5.4 Empirical Method for UMP from Dynamic Eccentricity 

In this section, the dynamic eccentricity of Machine-1 is calculated by using 

the parameter-� and -A from the empirical method of static eccentricity. This can also 

prove the reliability of implementing the empirical method in UMP estimation. The 

dynamic UMP is then compared with the FEA results. The difference in implementing 

the empirical method between the dynamic eccentricity and the static eccentricity is 

the UMP Damping Coefficient at different slip. In the static eccentricity, the Damping 

Coefficient is assumed to be constant. 

As shown in (5-7), A  consists of 2 parts: the airgap leakage flux from the 

magnetising current and the fundamental magnetising flux. The A  from Table 5-2 

could not be used because it is found for a constant UMP Damping Coefficient. As 

Machine-1 and Machine-3 have the same stator configuration and airgap length, A can 

be taken from Machine-3. The � and A parameters should be divided by 2, because 

10% eccentricity was tested. 

 

Figure 5-10: UMP Damping Coefficient for Machine-1 with dynamic eccentricity. 

Voltage (p.u.) � A Ó 

1.0 67500 447 191. 9Kg − 23.7K + 1 

Table 5-4: Parameters for Machine-1 with 10% dynamic eccentricity. 
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For static eccentricity, the damping effect from the cage rotor induction 

machine is significant even at low slip. Therefore, the airgap leakage flux in A is not 

negligible. However, for the dynamic eccentricity, the low damping effect at low slip 

causes the airgap leakage flux in A could be neglected. The Damping Coefficient is 

shown in Figure 5-10. The parameters of the empirical method is shown in Table 5-4. 

 

Figure 5-11: UMP comparison between FEA and empirical method for 10% dynamic eccentricity. 

 Figure 5-11 shows the results of the empirical method and FEA. From 0 slip to 

0.033 slip, the UMP reduced because of the increment of damping effect. Then the 

UMP started to rise back after 0.033 slip because the UMP from the airgap leakage 

flux began to increase. Both of the results show good correlation between each other. 

The slight difference of UMP might be coming from the damping of higher space 

harmonics flux and the magnetic saturation which are difficult to predict. 
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5.5 Comparison between the empirical method and other 

methods 

The comparison between the proposed empirical method with the conventional 

analytical method and the 2D-FEA is shown in Table 5-1. 

 Empirical Method 
Conventional Analytical 

Method 
2D-FEA Method 

Required 

computational 

time 

Prompt  

*19 µs 

Fast, when circulating 

current is not taken into 

account 

*92 µs (without circulating 

current)  

 *≈8 s (with circulating 

current) 

Time-consuming 

especially when the 

airgap is small (0.5mm) 

* ≈2 hours 

The effects of 

circulating current 

Can be solved with the 

proposed Damping 

Coefficient 

Need to be solved 

numerically which leads 

to longer computational 

time 

Time-stepping 

simulation is needed to 

calculate the rotor MMF 

harmonics 

Accuracy 

Higher error may occur 

when the curve-fitting is 

wrongly used 

**5% 

Higher error may occur 

in case with larger 

eccentricity, because 

higher permeance 

harmonic is neglected 

***5% 

High accuracy when the 

UMP caused by the end 

leakage flux is 

negligible 

**3% 

Implementation 

A set of UMP results is 

needed which can be 

obtained by either FEA 

or experimental work. 

Also, the rotor time 

constant is required 

The full space harmonics 

of stator and rotor 

winding inductance are 

needed. Also, the airgap 

leakage inductance can 

be calculated by using 

FEA or empirical 

method. 

Exact drawing of the 

machine is required 

Rotor slip Only applicable below 

the rated slip 

Can be used to calculate 

a wide range of slip if 

the magnetic saturation 

effect is included in the 

analytical equation 

Can be used for any 

rotor slip 

* Computational time to calculate the UMP for one case, where the processor i7-3770 (Quad Core, 3.40 GHz) is 

used. 

** The error is calculated from the results in Figure 5-9(a), where they are compared with the experimental results 

*** The airgap leakage inductance and the Damping Coefficient are extracted from the empirical model based on 

(5-7). Therefore, the error is the same as the empirical method. 

Table 5-5: Comparison of 3 different methods. 



Empirical Method for UMP Estimation 

 154 

5.6 UMP/Torque Ratio 

The UMP characteristic of an induction machine is highly dependent on the 

airgap leakage flux, fundamental magnetising flux and the UMP Damping Coefficient. 

Due to the nonlinearity nature of the UMP versus slip that is shown in Figure 5-3 to 

Figure 5-5, there is a specific operating rotor slip that has the minimum UMP. 

Therefore, changing the operating slip can reduce the UMP of an induction machine.  

In order to find the optimum operating rotor slip, the UMP/torque ratio (�F is 

introduced in (5-13). The lowest UMP/torque ratio reflects the operating slip that 

produced the lowest UMP with the constant amount of torque. 

 � = yz{ìJ���\ (5-13) 

In this section, the UMP for each machine running at different load and 

different excitation voltages are presented. Then, the UMP/Torque ratio is calculated 

to find the optimum operating rotor slip. 

5.6.1 Machine-2 

Figure 5-12 shows the UMP of both cases does not intersect.  Therefore, there 

is no local minimum in the UMP/Torque ratio in Figure 5-13. The main reason is the 

results shown for both excitation voltage was only up to 0.06 rotor slip. Therefore, if 

we take a close look at Figure 5-12, the UMP of 0.35 p.u. will intersect with the UMP 

of 0.5 p.u. when the torque is further increased to around 10 Nm (FEA). However, the 

higher slip will cause higher copper loss. Therefore, it is not recommended to run 

above the rated slip. 
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Figure 5-12: UMP vs torque for Machine-2. 

 

Figure 5-13: UMP/Torque ratio for Machine-2. 

5.6.2 Machine-1 

Figure 5-14 shows the UMP of all 3 cases intersected at different torques. This 

means that there is a local minimum in the UMP/Torque ratio. As shown in Figure 

5-15, the minimum UMP/torque is around 0.02 rotor slip. The optimum slip may 

slightly vary with different excitation voltage. 

Due to the saturation effect on the airgap leakage flux is not significant at low 

slip, the three different excitation voltages have around the same minimum 

UMP/Torque ratio. As the slip further increased, the difference of the UMP/Torque 

ratio for each case started to increase. However, this does not have an effect on 
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choosing the best operating slip. For example, 0.02 rotor slip of the 1pu voltage 

generated a torque of 18 Nm. When the torque is increased to a value that is higher 

than 18 Nm, the excitation voltage could not be higher than the rated voltage.    

Although both Machine-1 and Machine-2 are cage rotor induction machines, the 

difference in parameter-� and -A will cause the best operating slip to be different.  

 

 

Figure 5-14: UMP vs torque for Machine-1. 

 

Figure 5-15: UMP/Torque ratio for Machine-1. 
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5.6.3 Machine-3 

From Figure 5-16, it shows that there is also no intersection for the 3 different 

excitation voltages. Therefore, it can be proven from the UMP/torque curve in Figure 

5-17 that the local minimum point does not exist in the graph. For the case with no 

local minimum in the UMP/torque ratio, the machine can be chosen to run at its rated 

slip (0.05).  

The UMP/torque ratio from Figure 5-17 also shows that the magnetic 

saturation will slightly affect the UMP/Torque. Comparing Figure 5-15 and Figure 

5-17, the effect of magnetic saturation for Machine-3 exists even at 0.01 slip, while 

the impact of magnetic saturation for Machine-1 only became visible after 0.03 slip. 

This is because the fundamental magnetising flux is the dominant flux that produced 

UMP in the wound rotor induction machine. The slight saturation in the fundamental 

magnetising flux is almost constant at different rotor slips. 

 

Figure 5-16: UMP vs torque for Machine-3. 
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Figure 5-17: UMP/Torque ratio for Machine-3. 

5.6.4 UMP/Torque conclusion 

The optimum UMP/Torque ratio is machine dependent. For the cases with no 

local minimum in the UMP/torque ratio (Machine-2 and Machine-3) within 0 to 0.07 

slip, the similarity of both machines is that the ratio between the parameter-A and the 

parameter-� is larger. When the airgap leakage inductance is higher, the increment of 

the rotor slip will cause a significant increment of UMP because UMP is a function of 

rotor slip squared. In order to prove this analytically, (5-14) to (5-18) are derived to 

find the local minimum. 

The slip is linearly proportional to the torque, the relationship between torque 

and slip can be written as (5-14). 

 ìJ���\ = ��K (5-14) 

Let the supplied voltage of (5-6) be 1 p.u., the UMP/torque ratio can be written as:  

 � = ��� K +
A��K (5-15) 

The differentiation of � with respect to slip gives: 

 N�NK = ��� −
A��Kg (5-16) 
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To find the minimum point, the 
`�`a in (5-16) is equal to 0, (5-16) becomes: 

 0 = ��� −
A��Kg (5-17) 

The optimum operating rotor slip with the lowest UMP is: 

 K = ØA� (5-18) 

Machine 
A� Slip Rated Slip 

1 0.0006877 0.02622 0.05 

2 0.00356 0.058 0.05 

3 0.01552 0.1246 0.05 

Table 5-6: Calculated optimum operating slip of each machine.  

From (5-18), it has shown the optimum slip is a function of the ratio between 

� and A. Table 5-6 gives the summary 
�� ratios and the optimum operating slips of 

Machine-1, Machine-2 and Machine-3, with 0.5 p.u. excitation voltage and the 

saturation factor not considered. From Table 5-6, the optimum slip for Machine-2 and 

Machine-3 is above the rated slip of the machine. Although the calculated optimum 

slip for these 2 machines are inaccurate due to the neglected saturation effect, the high 

value of the optimum slip is not important in reducing the UMP. This is because the 

induction machines are not recommended to operate higher than the rated slip; the 

higher power losses in the machine, caused by the increment of slip, would be harmful 

to the machine. Therefore, the induction machines can be set to operate at their rated 

slip to reduce the UMP. 

5.7 Chapter Summary 

This chapter analysed how the extraction of parameters from the FEA or 

experimental results should be used in estimating the UMP through empirical method. 
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The implementation of the empirical method is investigated because of the difficulty 

to accurately calculate the airgap leakage inductance. The airgap leakage inductance 

is affected by airgap length, magnetic saturation, UMP Damping Coefficient, type of 

rotor and rotor slots number. Instead of acquiring the airgap leakage inductance to 

calculate the magnetic flux distribution, the empirical method is directly used to find 

the UMP caused by the airgap flux.  

After extracting the parameters in the experimental results of 20% static 

eccentricity for Machine-2, the empirical method was verified by estimating the UMP 

of 30% static eccentricity at 0.5 p.u. voltage with 50 Hz supply frequency, in which 

the results were compared with the results from both FEA and experimental results. 

Although the verification is done at 50% of the rated voltage and the torque is reduced 

by 75%, the pattern of the torque-speed curve and the UMP characteristics of Machine-

2 remain the same. This is because the inherent changes in both characteristics are 

mainly more affected by the supply frequency. 

Furthermore, the extracted parameters from the results in Machine-1 were used 

to estimate the UMP caused by the dynamic eccentricity. In addition, as the UMP 

Damping Coefficient for static and dynamic eccentricity is different, methods to 

recalculate the UMP Damping Coefficient by using the extracted parameters was 

presented.  Good correlation was shown on the empirical method and the FEA for the 

calculation of the UMP caused by the dynamic eccentricity. 

Then, UMP/Torque ratio is introduced to find the operating slip with the lowest 

UMP. From the UMP/Torque ratio calculation, Machine-1 (cage rotor) has a local 

minimum of 0.02 slip in the UMP/Torque ratio. Meanwhile, the slip with the lowest 

UMP of Machine-2 (cage rotor) and Machine-3 (wound rotor) are much larger than 

their rated slip. This is because Machine-2 has a bigger airgap than Machine-1, while 

Machine-3 does not have any parallel path to damp the UMP caused by magnetising 

flux. Therefore, they can be chosen to operate at their rated slip (0.05) to get the 

minimum UMP.  
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6 Methods to Reduce UMP 

Due to the non-linearity of UMP-slip characteristic, which was analysed in 

Chapter 5, the UMP can be reduced if the induction machine is running at its optimum 

slip, especially when the machine is lightly loaded. Therefore, the slip control method 

to reduce UMP is proposed. The UMP for the cage rotor and the wound rotor induction 

machine are simulated by using Matlab/Simulink with the proposed empirical method 

in Chapter 5. Then, the slip control method is discussed and verified by using 

experimental work. 

Further to this, by using the damper winding idea proposed by Dorrell [96], a 

new damper windings configuration is introduced to reduce the UMP. The new damper 

winding configuration has shown great UMP reduction in a wound rotor induction 

machine. This is because the pole pair ±1 of the fundamental flux is significantly 

damped. Although the new set of winding has a simplified design, it can only be used 

on the induction machine with even pole pair number.  

6.1 Slip Control Method 

Slip control method is often used to increase the efficiency of a lightly loaded 

induction machine [149] because induction machines are not efficient when running 

at close to its synchronous speed. By reducing the magnetising flux, the rated load can 

be reduced. Reducing flux creates a balance between iron losses and copper losses. 
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However, changing the magnetising flux is not suitable for situations that need a fast 

response since changing the rotor flux may take a few hundred milliseconds. The 

response time depends on the magnitude of the changes and the rotor time constant of 

the induction machine. 

For implementing slip control to reduce the UMP, it would be more effective 

to reduce the UMP of the induction machine when the machine is lightly loaded. For 

induction machines in motoring-mode, 50% of the motors in the U.S. operate at less 

than 60% of their rated load, and 33% of the motors have below 50% load factor [150]. 

Meanwhile, the average load in the European Union is estimated to be less than 60%; 

some particular motor may have an average load factor of 25% [151]. For the induction 

machine running in generating-mode, the wind energy generators do not tend to run at 

full load continuously. The average load factor for onshore wind turbines is 26.6%, 

and offshore wind turbines is 37.2% [152]. Meanwhile, the load factor for both tidal 

current and wave energy is around 35%-40% [153]. Therefore, from this perspective, 

there is an opportunity to implement slip control to reduce UMP in the induction 

machine at either motoring or generating mode. 

From the last chapter, the UMP/torque ratio has shown that the UMP varies 

with the rotor slip. The rotor slip can be varied by changing the flux of the induction 

machine. The magnetising flux of the machine can be changed to obtain the minimum 

UMP when the machine is not running at full load. The lowest UMP operating point 

might not have the lowest power losses. Therefore, a new objective can be added to 

the flux control to find the optimum operating point to reduce both the UMP and the 

losses. The magnetising flux can be controlled by using either scalar control or vector 

control. 

Different strategies are used in optimising the magnetising flux in the machine. 

The control algorithm includes slip speed, rotor flux, excitation current or voltage. In 

[154], the author had categorised the loss minimising control into 3 categories: 

1) Single machine parameter control: This is controlled based on a parameter 

like the power factor or the rotor slip. This method can reduce the input 
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information where the speed or the load of the machine is not required. This 

is because power factor or the rotor slip is a function of load and speed. 

2) Search control: The power output is kept constant for the whole time, and 

the machine flux is iteratively adapted to find the minimum input power. 

This method does not require any information about the parameters of the 

machine and the control drive. However, the disadvantage is the slow 

response time, which is usually larger than 7 seconds. In addition, continuous 

fluctuations of torque might result in the system could not converging into a 

stable steady-state condition. 

3) Loss model control: This is usually used in a vector control. The power loss 

model can be placed in the existing control topology.  This method can be 

used in either in closed-loop, or open-loop control.  

6.1.1 Control system 

There are two types of control topology that could be used to implement slip 

control: vector control and scalar control. The vector control uses the control idea of a 

DC machine, where the two orthogonal components are controlled individually to 

receive the desired torque and speed. The increasing popularity of vector control is due 

to the development of modern power electronics. Two main types of vector controls 

are the direct torque control (DTC) and the field oriented control (FOC). 

The current is separated into two different axes, which are the quadrature axis 

and the direct axis. The quadrature axis is responsible for producing torque, and the 

direct axis is responsible for producing flux.  The vector control requires the 

knowledge of the rotor flux position, which can be obtained either by a search coil, or 

by sensorless estimation. Sensorless topology is a more popular method to estimate 

the rotor flux position due to its robustness and accuracy. However, the machine’s 

parameters are heavily affected by the machine’s temperature. 

Although the torque is also a function of the flux, changing the direct 

component is seldom used, except for specific purposes, like power loss optimisation. 

This is because of the long response time of changing the direct axis, which might be 

more than a few hundred milliseconds. This could not be avoided, because the rotor 
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resistance is usually relatively small, compared to the inductance, where a sudden 

change of flux creates a high reactance. Therefore, changing the direct axis will create 

a large amount of rotor leakage flux at the first instant.   

Scalar control is a much more stable and straightforward control technique. 

The scalar control is based on the magnitude of the voltage and the frequency without 

considering the phase or the magnitude of the current. The response time towards 

changing the rotational speed is much slower than the vector control. In [155], the 

author has shown the scalar control is 3 times slower in converging for the energy 

optimising control for the power factor control. The time may vary depending on the 

machine parameters. In addition, the scalar control is more vulnerable to sudden load 

change, or load disturbance, compared to the vector control.  

However, the scalar control will be used in the thesis in the experimental 

evaluation and also in the Matlab/Simulink model. The main reason is that the load 

and speed changes are not the primary concerns of the control to reduce UMP. If the 

machine is running at fixed speed and fixed load, changing the rotor flux by using the 

scalar control, or by using the vector control, have almost the same converging time if 

the model-based method is used in finding the optimum flux [155]. In terms of the 

reduction of UMP, scalar or vector control would not have any difference when the 

machine is running at steady state.  

For the scalar control, it controls the ratio between the voltage and frequency. 

It is also known as Voltage-Hertz control. The relationship between magnetising flux 

with the supply frequency is shown in (6-1).  

 
 

Φ ∝ 	�  (6-1) 

The linear relationship is based on the assumption that the stator resistance is 

zero. This assumption is only accurate below the rated condition, because the voltage 

drop across the magnetising impedance is close to the supply voltage. In this case, the 
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supplied voltage is assumed to be equal to the excitation voltage. Therefore, with the 

fixed frequency, changing the supply voltage can change the magnetising flux.  

The characteristic of the varying supply frequency is shown in Figure 6-1. It 

has shown that the torque-speed characteristic changes with frequency. In the constant 

torque region, the peak torque is constant when the supply frequency increases, 

because the magnetising flux in the machine is fixed. For the constant power region, 

the supplied frequency is higher than the machine rated frequency where the 

magnetising need to be reduced to reduce the back EMF induced in the stator winding 

because the supplied voltage is capped.  

  

Figure 6-1: Torque speed characteristic with varying frequency [156]. 

To have a constant magnetising flux at different supply frequency, the 

voltage drop across the resistance needs to be calculated. 

 	 = �aÈ + � (6-2) 

The excitation voltage, �, has a linear relationship with the magnitude of the 

magnetic flux which is shown in (6-3). 

  � = 4.44��Φó (6-3) 

Constant Power 

0                         1500                    3000  

       Speed (RPM) 

Constant torque 
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Assuming that the leakage inductance is small when the rotor rotates close to 

the synchronous speed, the magnetising flux is the dominant flux. The simplified 

equivalent circuit is shown in Figure 6-2. 

 

Figure 6-2: Simplified equivalent circuit. 

The magnetising current is: 

 
 �ó = Φó�ó  (6-4) 

Then, the load current can be written as: 

 
 �� = K�RY  (6-5) 

The total current flowing in the stator winding: 

 
 �a = c��g + �óg (6-6) 

The stator and rotor current information taken from (6-5) and (6-6) are used to 

calculate the UMP of the induction machine. 

6.1.2 Slip control topology 

Multiply (6-5) with the excitation voltage and divide it by the rotational speed. 

The torque of the machine can be written as (6-7). 

 
 ì = 32wa ×
K�gB1 − KFÈY (6-7) 
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In the case of constant slip and constant supply frequency, let ô = ¼gt
 × a(nRa)�ü , (6-7) 

can be simplified into (6-8). 

  

� = Øìô (6-8) 

In the scalar control used in the thesis, the model-based control method is 

applied to maintain the rotor slip. When model-based control is used in loss 

optimisation in induction machine, the control could provide fast response and does 

not produce torque ripple [157]. However, the accuracy of the moded-based control is 

affected by the defined machine’s parameter and the inverter loss. In this thesis, as the 

slip control is used to reduce the UMP, the accuracy issue in the model-based control 

method can be ignored. Therefore, model-based slip control is used because it can 

provide fast response to reduce UMP.  

In the model-based control, the excitation voltage is calculated so that the 

machine could maintain at the desired rotor slip. The response of the control depends 

on input load information. Also, varying the voltage to maintain the rotor slip has a 

long response time of a few hundred milliseconds, a low-pass filter was used in [158] 

to prevent load fluctuation when using slip control.  

 

Figure 6-3: Control flow of the slip control method to reduce UMP. 
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The control flow is shown in Figure 6-3. Firstly, the desired rotor slip to 

achieve the minimum UMP is set in the control. As pointed out in Section 5.6 that the 

optimum slip remains at almost the same value at different excitation voltage and 

different degree of eccentricity, the optimum rotor slip is a constant variable. Then, the 

excitation voltage is calculated by using (6-8), which is calculated from the ô is a 

constant variable when the slip is fixed, and the machine’s torque (at E = 0, it can be 

set to a non-zero value below the rated load). If the calculated reference voltage is 

higher than the nominal voltage, the reference voltage is set to be equal to the nominal 

voltage. After that, the reference voltage is set as the input variable of the inverter. 

From the measured current, the torque of the machine can be calculated. However, the 

excitation voltage cannot be higher than the bus voltage of the inverter. Due to this 

reason, the slip control method is only applicable for lightly loaded machines.  

As from (6-8), the changing of excitation voltage would change the slip of the 

machine. This is because the torque-slip characteristic is changed, in which the torque-

slip characteristic of Machine-2 from FEA simulation is shown in Figure 6-4. When 

the voltage is reduced by 50%, the overall torque of the machine is reduced by 75%. 

Then, the operating point of 10 Nm is pointed out in Figure 6-4 as an example, which 

shows that UMP can be changed when the slip is changed. In this case, the UMP could 

be reduced by 63% when the voltage is reduced. 

  

Figure 6-4: Torque-slip characteristic of Machine-2 and the UMP of 20% static eccentricity when 

the machine is loaded with 10 Nm (FEA) 
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For Machine-1, the slip control can be used when the load is below 40% of the 

rated load because the optimum rotor slip is around 0.02, which is 40% of the rated 

slip. As the reference voltage cannot be higher than the nominal voltage of the inverter, 

a higher voltage could not be used to maintain the 0.02 slip when the load is over 40%. 

In addition, higher excitation voltage with the same excitation frequency would cause 

the magnetic core saturation in the machine. For Machine-2 and -3, this method can 

be used at all load except at the full load. Figure 6-5 shows the voltage-torque 

relationship of the model-based slip control for 0.02 slip (Machine-1) and 0.05 slip 

(Machine-3). The block diagram of the scalar control is shown in Figure 6-6. 

 

Figure 6-5: Voltage-torque relationship used in the model-based control. 
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Figure 6-6: Block diagram for scalar control. 
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6.1.3 Simulation setup 

The concept of Voltage-Hertz control uses the relationship that the voltage is 

proportional to the magnetic flux and inversely proportional to the frequency, as shown 

in (6-1). The Voltage-Hertz control is often used to maintain the magnetising flux in 

the induction motor when the induction machine running below its rated speed, or 

weakening the flux to reduce the back-EMF of the machine when the induction 

machine running above its rated speed [159], [160].  

In this chapter, the Voltage-Hertz control is used to control the rotor slip by 

varying the magnetising flux of the induction machine, which was used in [107], [161], 

[162]. As all the simulation in this chapter was done at the rated frequency of 50 Hz, 

the voltage is linearly proportional to the magnetising flux. Therefore, the voltage is 

varied based on the input torque to implement the slip control, in which the voltage-

torque relationship was shown in Figure 6-5. The flow of the control was shown in 

Figure 6-3.  

All the models were written and simulated in Matlab/Simulink. All the layout 

of the models is shown in Appendix F. 

Then, the UMP of the simulation with ideal sinewave is calculated based on 

the proposed empirical method in Chapter 5. The parameters for the empirical 

calculation of Machine-1, Machine-2 and Machine-3 were taken from the Table 5-2, 

Table 5-1 and Table 5-3 respectively. As the rotor slip and the excitation voltage are 

the input variable for the parameters, they were measured from the induction machine 

model to estimate the UMP during the simulation.  

Furthermore, the UMP of the simulation with inverter supplied voltage is 

calculated with the analytical model from (3-40), in which the stator and rotor current 

is extracted from the induction machine model to fit in the equation. All the magnetic 

flux, regardless of its time harmonics, is assumed to have the same UMP Damping 

Coefficient and airgap leakage inductance, which could be found by using the 

parameter-B in the empirical method, while the airgap leakage inductance could be 

found by using the parameter-A in the empirical method.  
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6.2 Results for the Machine with Slip Control Method 

Machine-1, -2 and -3 are used to show the control to reduce UMP. From the last 

section, the operating slip with the minimum UMP for Machine-1 is 0.02 slip, and 

Machine-2 and-3 are 0.05 slip respectively. Machine-1 and -3 are tested in motoring 

and generating mode, while Machine-2 is tested in motoring mode and its results were 

compared with the experimental results. The positive torque and negative torque 

represent the motoring mode and generating mode respectively. The simulation results 

compare the induction motor with and without control. From Sub-section 6.2.1 to 

6.2.5, the excitation voltage of the induction machine is supplied through an ideal 

sinewave, assuming that an ideal filter is used. Then, the inverter supplied excitation 

voltage are investigated in Sub-section 6.2.8. The UMP of the Machine-1 and -2 with 

inverter supplied are investigated in Sub-section 6.2.7 and 6.2.8 respectively. 

6.2.1 Machine-1 with slip control 
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               (c) 

 

               (d) 

Figure 6-7: Simulation results for Machine-1 by using slip control (ideal sinewave): (a) torque 

(b) voltage (c) slip (d) UMP. 

From Figure 6-7, the torque is increased from 5 Nm to 20 Nm with a 5 Nm 

increment step. The motoring mode is from 5 s to 25 s, while the generating mode is 

from 25 s to 45 s. When the torque is changed at each step, the torque fluctuation had 

been shown at the beginning of torque change in the machine with slip control. This is 

because the scalar control could not vary the orientation of the flux at a correct angle 

to produce torque.    

The torque response is not instantaneous for both with and without control. 

When the reference torque changes, the rotor speed changes. The rotor inertia can be 

converted into power to delay the changing of machine torque which causes the slow 

response of the machine’s output torque. 

With the slip control, the rotor slip is maintained at 0.02. For Machine 2, the 
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rated flux, the maximum torque to maintain the slip at 0.02 is around 18 Nm with the 

assumption that the machine slip is linearly proportional to the torque. From the results 

of slip control, the UMP decreased significantly at 5 Nm. The reduction becomes least 

significant when the torque increases. When the load reaches 20 Nm, the slip control 

is switched off because of the voltage reaching nominal value. 

The UMP spike was shown at the beginning of every step change. These surges 

exist on either increment or decrement of the voltage. When a voltage control is 

applied, the changing of voltage will cause a sudden flux change. This step changes of 

the flux can be transformed into a series of fluxes with higher harmonic content. The 

higher harmonic flux would induce a large voltage in the rotor, which produces a 

current surge. The current surge causes the increment of stator and rotor leakage flux 

which leads to a larger UMP. This scenario is analysed in the next sub-chapter. 

6.2.2 UMP spikes 

This section analyses the UMP spikes that occurred when the excitation voltage 

is changed during the slip control. The experimental and the simulation results on 

changing the excitation voltage at no load-case for Machine-2 are shown. After 

creating a 20% of static eccentricity in the machine, the induction machine is excited 

with 0.3pu voltage, and 50 Hz excitation frequency. Then, maintaining the 50 Hz 

excitation frequency, the supplied voltage is changed from 0.3 to 0.6 p.u. (Case-1) and 

0.6 to 0.3 p.u. (Case-2). 

 

Figure 6-8: Experimental results for UMP with no load. 

Case-1 Case-2 
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From Figure 6-8, although the primary component of the UMP caused by the 

static eccentricity is a constant component, the higher harmonics UMP results could 

not be filtered out, because the UMP spike from the changing of supplied voltage is 

going to be investigated. Therefore, other than the UMP spikes, the other higher 

harmonics content of the UMP is neglected in the analysis. The Case-1 and Case-2 are 

separated in the following analysis, because the direction of the induced current is 

different in the increment and decrement of the supplied voltage.  

 

(a)             (b) 

Figure 6-9: Zoom-in view of Case-1 (a) Current (b) UMP. 

 

 (a)              (b) 

Figure 6-10: Zoom-in view of Case-2 (a) Current (b) UMP. 

The UMP spike is caused by the high airgap leakage flux where the current 

surges when the voltage changes. In Figure 6-8, there is sizable UMP spike in Case-1. 

Meanwhile, in Case-2, the UMP spike is least significant. The difference in UMP surge 

can be seen by comparing Figure 6-9 (b) and Figure 6-10 (b). From Figure 6-9 (a) and 
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Figure 6-10 (a), the current surged in Case-2 has a peak of 10 A, meanwhile, the current 

has a peak of 15 A in Case-1.  

When the excitation voltage increases or decreases, the step response of the 

voltage changes can be interpreted as a high rotating frequency flux, which has a high 

slip when cutting through the rotor bars where the large current is induced. The 

magnitude of the induced current is the same for the voltage increment and decrement 

cases. However, the phase angle of the current is opposite. For voltage increment case, 

the current is added on top of the initial current. Meanwhile, for the voltage decrement 

case, the current is subtracted from the initial current. 

In addition, the UMP spike in Case-2 during the change in voltage is toward 

the negative direction. This is mainly due to the damping effect. In a transient scenario, 

the damping flux from the cycle before the changing of the voltage could produce a 

high counteracting force for the next cycle. This counteracting force is higher than the 

force from the stator flux. Therefore, a negative UMP is produced. This scenario is not 

shown in the simulation model from Figure 6-11(b), because the UMP Damping 

Coefficient used in the analytical model is for steady state operation. 

 

(a)                                                                          (b) 

Figure 6-11: Simulation results (ideal sinewave) with no load: (a) line voltage (b) UMP. 
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      (a)                                                                          (b) 

Figure 6-12: Zoom-in view of simulation results (ideal sinewave) for Case 1: (a) current (b) 

UMP. 

 

(a)                                                                      (b) 

Figure 6-13: Zoom in view of simulation results (ideal sinewave) for Case-2: (a) current (b) 

UMP. 

From Figure 6-12(a) and Figure 6-13(a), it can be observed that the current spike 

in the simulation model is much higher than the experimental model. In experimental 

work, the inverter may have limited the change of output voltage, which could limit 

the output current. Therefore, the UMP spike in the simulation model is much higher 

than the experimental model because the UMP is a function of current squared.   

6.2.3 Voltage rate of change limiter 

The UMP spike from the changing of voltage to maintain the slip is an 

undesirable scenario because the large UMP spike may reduce the bearing lifetime. To 

avoid the UMP spike, a rate of change limiter is added to the control of the voltage. 
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Therefore, the voltage should not be increased instantaneously after receiving the 

reference voltage command. 

 Different values of rate of change limiter are used and the simulation results 

are shown in Figure 6-14. In the voltage increment case, it has shown that the spike is 

lower when the rate of change limiter is set to a lower value. In the decrement of 

voltage case, the UMP surge does not exist for all three cases.  

 

Figure 6-14: Different rate of change limiters for the supplied voltage change. 
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               (b) 

 

               (c) 

Figure 6-15: Simulation results for Machine-1 with 500V/s rate of change limiter in the voltage 

control by using slip control (ideal sinewave): (a) torque (b) voltage (c) UMP.  

From Figure 6-15(b), the controlled voltage did not change instantaneously. In 

addition, it has shown the UMP surge reduced significantly in Figure 6-15(c) if 

compared to Figure 6-7(d). The spike can be further reduced if the voltage rate of 

change is further reduced. Therefore, the voltage’s rate of change is also one of the 

design objectives when slip control is applied to reduce UMP.  

5 10 15 20 25 30 35 40 45
0

50

100

150

200

250

300

350

400

450

Time (s)

V
o

lt
a
g

e
 (

V
)

 

 

with control

without control

reference

5 10 15 20 25 30 35 40 45
0

50

100

150

200

250

300

Time (s)

U
M

P
(N

)

 

 

with control

without control



Methods to Reduce UMP 

 179 

6.2.5 Machine-3 with slip control method and voltage’s rate of 

change limiter 
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               (d) 

Figure 6-16: Simulation results with 500 V/s rate of change limiter in the voltage control for 

Machine-3 by using slip control (ideal sinewave): (a) torque (b) voltage (c) slip (d) UMP. 
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UMP in the machine with static eccentricity. The analysis of the influence of the higher 

voltage harmonics on the UMP of static eccentricity is discussed in this subsection. 

The voltage from the experimental work and simulation work are compared in 

Figure 6-17 and the FFT analysis of the voltage is shown in Figure 6-18.  

 

Figure 6-17: Excitation line voltage waveform: (a) experimental (b) simulation 

 

        (a) 

 

                (b) 

Figure 6-18: FFT analysis of the line voltage in Figure 6-17: (a) experimental (b) simulation 
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From Figure 6-18, it has shown that the inverter produces additional higher 

harmonics voltage. The higher harmonics content of the inverter supplied voltage will 

increase the magnetic flux with higher time harmonics in the machine. The calculation 

of the contribution of magnetic flux harmonics on the constant UMP of the machine 

with static eccentricity is shown in the next 4 paragraphs.  

As shown in (6-9), the voltage is linearly proportional to the magnetic flux and 

inversely proportional to the frequency. 

  

Φ ∝ 	�  (6-9) 

Based on the relationship that UMP is proportional to magnetic flux squared 

the relationship, the relationship of UMP at the constant slip can be written as: 

 yz{ ∝ o	�p2 , (constant slip) (6-10) 

For induction machines, the UMP changes with slip. From the analysis of 

magnetic flux shown in Sub-section 4.2.5, higher rotor slip would induce more current, 

which increases the airgap leakage flux. Depending on the type of machines, the airgap 

leakage flux at high rotor slip could be around 10 times larger than the airgap leakage 

flux at the rated slip. The magnetising flux with higher time harmonics is neglected 

because the airgap leakage flux is the dominant flux in the high slip region.  

 As the magnetic flux with higher time harmonics has a much higher rotational 

frequency than the rotor, which induces more current that causing a higher UMP. So, 

if the higher voltage harmonics are compared with the voltage at the fundamental 

frequency, a modifier is added in the equation (6-10), which can be written as (6-11), 

because fundamental magnetising flux rotates close to the synchronous speed. In 

addition, the modifier is assumed to be a constant variable, because the speed range of 

the induction machine in this chapter is below 5% of the synchronous speed.  

 yz{ ∝ � o	�p2 (6-11) 
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The k in (6-11) is assumed to be 10. With the results from the FFT analysis in 

Figure 6-18, the influence of the voltage harmonics towards the UMP is shown in 

Table 6-1 (experimental) and Table 6-2 (simulation).  

 

Frequency 	 � ª	�«g
 

Percentage relative 

to the fundamental 

component (%) 

50 573 131.332 - 

Higher voltage harmonics 

150 69.5 2.147 1.635 

250 72 0.829 0.632 

350 91 0.676 0.515 

455 26 0.033 0.025 

655 46 0.049 0.038 

755 27 0.013 0.010 

Total 3.685 2.853 

Table 6-1: Contribution of voltage harmonics towards the UMP (Experimental). 

Frequency 	 � ª	�«g
 

Percentage relative 

to the fundamental 

component (%) 

50 573 131.3316 - 

Higher voltage harmonics 

126 8.3 0.043 0.033 

176 9.77 0.031 0.023 

250 32.45 0.168 0.128 

375 51.45 0.188 0.143 

475 81.17 0.292 0.222 

675 97.35 0.208 0.158 

775 72.5 0.088 0.067 

800 45.59 0.032 0.025 

900 52.77 0.034 0.026 

Total 1.085 0.826 

Table 6-2: Contribution of voltage harmonics towards the UMP (FEA). 
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From both tables, they show that the voltage harmonics will cause the UMP to 

be 2.85% higher in the experimental work, and 0.826% higher in the simulation. The 

contribution of voltage harmonics on the UMP is relatively low. This is because the 

magnetic flux is inversely proportional to the frequency, and the UMP is proportional 

to squared of the magnetic flux density. Therefore, this effect is neglected in most of 

the analysis in this thesis. 

Figure 6-19 presents the UMP of Machine-2 with 20% static eccentricity, when 

the voltage is changed from 0.2 p.u. to 0.8 p.u. with the step of 0.2 p.u. at 50 Hz 

excitation frequency; the tests were run 2 times with the same setup.  Figure 6-19 

shows the UMP spikes occurred due to the changing of the excitation voltage. 

Comparing both the experimental results, the spike is not constant, because the UMP 

in the transient scenario will be affected by the relative angle between the direction of 

the fundamental magnetising flux and the narrowest airgap.  

  

                                       (a)                                                                            (b) 

Figure 6-19: UMP of Machine-2 with 20% static eccentricity, when changing the voltage from 0.2 

pu to 0.8 pu at no-load (experimental): (a) first test (b) second test. 
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                                        (a)                                                                              (b) 

Figure 6-20: UMP of Machine-2 with 20% static eccentricity, when changing the voltage from 0.2 

pu to 0.8 pu at no-load (Simulation): (a) without, (b) with 1000 V/s voltage rate of change limiter. 

Figure 6-20(a) illustrates the UMP spikes are larger than the experimental 

results.  In order to model the effect from the experimental work, a voltage limiter of 

1000 V/s is added into the simulation, in which the results are shown in Figure 6-20(b).  

In Figure 6-20, the UMP ripple of the simulation results is different from the 

experimental results. The UMP ripple in the experimental results is caused by the 

mechanical coupling and slight dynamic eccentricity, which was discussed in Sub-

section 3.6.6. Meanwhile, the UMP ripple in the simulation results is caused by the 

current ripple from the high voltage harmonics of the inverter. This can be proven by 

comparing the UMP harmonics of the experimental and FEA as shown in Figure 6-21, 

in which the harmonics frequency of the experimental results mainly the harmonics of 

the rotating frequency (12.5 Hz). Figure 6-21 is the FFT analysis of the results of 0.6 

p.u. taken from Figure 6-19(a) and Figure 6-20(b).  
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UMP ripple does not reflect the actual force exerted on the bearing. It is a guideline of 

the possible force exerted on bearing.  

 

                (a) 

 

             (b) 

Figure 6-21: FFT analysis on the Machine-2 with 20% static eccentricity 0.6 p.u. voltage: (a) 

experimental (b) FEA  
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Figure 6-22: Simulation results for Machine-2 with inverter supplied voltage: (a) Slip (b) Torque 

 

Figure 6-23: Overview of the UMP with and without slip control 
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From Figure 6-22, the machine operates at 0.05 slip when the slip control is 

used. As both tested loads are below 25% of the machine rated load, great reduction 

of UMP was shown in Figure 6-23, where the UMP is reduced by around 60% for the 

11 Nm load, and around 77% for the 6 Nm load. As discussed earlier, the proposed 

slip control method is to balance the UMP caused by the magnetising flux and the 

UMP caused by the airgap leakage flux. When the machine is lightly loaded and is 

excited with rated voltage, this means that the UMP caused by the airgap leakage flux 

is low, while the UMP caused by magnetising flux is high. Therefore, by reducing the 

excitation voltage, the UMP caused by magnetising flux can be reduced, while the 

UMP caused by airgap leakage flux can be increased. This would reduce the UMP 

because the UMP is a function of current squared. 

Comparing the four methods used in Figure 6-23, a good correlation was 

shown between each result. The UMP of the machine with an inverter supplied 

voltage, which is simulated by using the analytical model, is slightly higher than the 

other results. This is mainly due to the existence of higher voltage harmonics.  

From Figure 6-23, there is a fluctuation of UMP in the machine with an inverter 

supplied voltage; the dotted line in the figure shows the mean of the UMP ripple. 

Similar to the torque ripple, the UMP ripple is due to the existence of current ripple. 

Other than the magnetic force exerted on the machine, the vibration of the machine is 

affected by the mechanical structure, in which the structural mode shapes of the 

machine needs to be investigated [167]. Further works need to be done to validate the 

effect of UMP ripple. 

 

6.2.8 Simulation of Machine-1 with inverter supplied voltage 

In this Sub-section, the simulation of Machine-1 is done with the same setup as 

Section 6.2.4 except that the excitation voltage is supplied with an inverter. The UMP 

results from the simulation are then compared with the UMP of the machine when 

excited with an ideal sinusoidal waveform. 



Methods to Reduce UMP 

 189 

 

                (a) 

 

                (b) 

 

                (c) 

5 10 15 20 25 30 35 40 45
-0.04

-0.02

0

0.02

0.04

Time (s)

S
li
p

 

 

with control

without control

5 10 15 20 25 30 35 40 45

-40

-20

0

20

40

Time (s)

T
o

rq
u

e
 (

N
m

)

 

 

without control

reference

5 10 15 20 25 30 35 40 45

-40

-20

0

20

40

Time (s)

T
o

rq
u

e
 (

N
m

)

 

 

with control

reference



Methods to Reduce UMP 

 190 

 
   (d) 

 

 
                (e) 

Figure 6-24: Simulation results for Machine-1 with inverter supplied voltage: (a) slip (b) torque 

without control (c) torque with control (d) UMP without control (e) UMP with control. 

 From Figure 6-24, similar to Machine-2 with inverter supplied voltage, the 

UMP of the machine with inverter supplied voltage is slightly higher than the ideal 

sinewave supplied voltage. Meanwhile, the reduction of UMP by using slip control 

method is also shown in the Figure 6-24(d) and (e). 

Furthermore, the torque and UMP ripple exist in the analytical modelling. Both 

the torque and the UMP is smaller when the excitation voltage is lower. This is because 

the error of the resultant voltage vector is percentage-based. In addition, the machine 

torque ripple is a high frequency torque, so the rotor inertia, which acting as a low-

pass filter, would damp the torque ripple.  For the UMP ripple, the machine’s mass 

and structure are not studied in this thesis. Therefore, the UMP ripple is just a guideline 

for the future work.  
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6.2.9 Experimental verification 

In the experiment, Machine-2 with 20% static eccentricity is loaded with 

11Nm. Then, the voltage is varied from 0.35 p.u. to 0.65 p.u. The permanent magnet 

generator acts as a load for Machine-2. When the rotor slip changes, the induced 

voltage in the generator will also be different. Therefore, in order to maintain the 

11Nm-load, the resistance connected to the generator needs to be changed when the 

voltage changes. The relationship of the supplied voltage with the rotor slip and the 

UMP are shown in Figure 6-25. 

 

Figure 6-25: UMP and rotor slip at different voltages. 

 The lowest UMP for the constant 11 Nm load when the machine is supplied 

with 0.4 p.u. voltage. The minimum rotor slip is at 0.09. As the voltage increases, the 

slip started to drop because torque is a function of voltage and slip. The UMP/torque 

ratio of Machine-2 in Section 5.6 shows the minimum UMP is at a rotor slip that is 

higher than the rated slip (0.05).  It is not recommended to run the machine at high slip 

because of its efficiency issue. Therefore, controlling the slip at 0.05 would give a 

reduction in UMP. In this case, the control system should supply a 0.5 p.u. voltage 

when the machine has an 11 Nm load.  

6.2.10 Summary for slip control 

This chapter has shown that reduction of UMP can be achieved through 

reducing the magnetising flux in the induction machine. Figure 6-26 and Figure 6-27 
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are the summary for the percentage of UMP reduction through controlling the rotor 

slip. 

 

Figure 6-26: UMP comparison between with and without control for Machine-1 (cage rotor). 

 

Figure 6-27: UMP comparison between with and without control for Machine-3 (wound rotor). 

Cage rotor induction machine has shown a reduction of UMP in light load (5-

Nm). However, the percentage of UMP reduction decreases exponentially when the 

load increases. When the optimum excitation voltage is higher than the rated voltage 

of the induction machine, the slip control is switched off because of the voltage limit 

of the inverter. Also, the magnetic core will be saturated when the machine is excited 

with a voltage that is higher than the rated voltage. 
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For the wound rotor induction machine, a reduction in UMP had been shown 

for every operating load except at the rated load. The percentage of reduction can go 

up to 86% at 5 Nm. Similar to the cage rotor induction machine, the effectiveness of 

UMP reduction reduces as the load increases.   

As a conclusion, the slip control could effectively reduce the UMP if the 

optimum operating slip is higher than the rated slip. Hence, the slip control would have 

a significant impact on reducing the UMP of Machine-2 and -3. Through implementing 

the slip control method, it can not only reduce the UMP, but it could also reduce the 

bearing friction loss. 

6.3 Damper Windings 

Other than using the slip control method, a new damper winding configuration 

is proposed in the thesis to reduce UMP. From Sub-section 4.3, a significant amount 

of UMP can be reduced when the counteracting flux is generated by the parallel 

windings in the cage rotor induction machine to damp the UMP. With the similar 

functionality, the damper windings allow the flow of the counteracting current which 

damp the uneven magnetic flux distribution. Unlike the parallel windings of cage rotor 

is located at the rotor, the proposed damper windings are installed at the stator. The 

main reason of installing the damper winding in the stator is the UMP damping effect 

would not be affected by the changes of rotor slip. 

Damper windings are often used in synchronous machines to reduce the torque 

ripple and increase the starting torque. The usage of damper windings has been 

proposed to reduce the UMP of a salient pole synchronous generator in [168]. In 

addition to that, Dorrell has shown that the installation of damper windings at the stator 

with the pole pair ±1 of the main windings will damp the UMP in the wound rotor 

induction machine [96].  

  The damper winding configuration proposed in the thesis is wound from one 

slot to the opposite slot 180° apart. This winding configuration repeats for all the 

remaining slots. All damper windings are individually wound and they are individually 
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connected. So, if there are 48 stator slots, there are 24 individual damper circuits. The 

winding configuration is shown in Figure 6-28.  

The proposed damper winding configuration can only be used in the machine 

with even pole pair numbers. (6-12) shows the induced voltage formula. 

 y = � ∆A� cosC∆E  (6-12) 

As the magnitude of the A and machine surface area is a constant, 

 y = �λ∆ cosC∆E  (6-13) 

where  
∆ ��� �∆�  is angular rotational speed. The voltage induced by each pole pair can be 

represented by (6-14). 

 yÁ =H�λPLa�ÁP,P
Á

PQnà``
 (6-14) 

The current in each damper winding can be found by using (6-14) in (6-15). 

 �y1⋮⋮y� � = ���
���11 z12 … zñ�z21 �22 ⋯ ⋮⋮ ⋮ ⋱ ⋮z�ñ ⋯ ⋯ ��� ���

�� �¾1⋮⋮¾� � (6-15) 

where �ÁÁ  is the self-inductance of the winding and z�ñ  is the mutual 

inductance between the damper windings. The mutual inductance between the damper 

winding and the main winding is neglected, because the main winding consists of even 

number of pole pair winding harmonics and the damper winding consists of odd 

number of pole pair winding harmonics. Then, the resultant magnetic flux in the airgap 

can be calculated by using the current value extracted from (6-15). 
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6.3.1 Results and simulation for the damper windings 

FEA simulation is done to calculate the UMP exerted on the rotor. The analysis 

on Machine-4 (8 pole wound rotor) with damper windings is shown. Then, Machine-

3 (4-pole wound rotor) will be used for verification. 50% static eccentricity towards 

the +y direction is set for the first case and 20% static eccentricity towards the +y 

direction is set for the second case. The damper windings properties are: 5 turns per 

phase; 0.001 ohm resistance. Machine-4 has 48 stator slots.  

 

Figure 6-28: Damper windings configuration. 
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6.3.2 Current 

Figure 6-29 shows the current waveform for half of the 24 damper windings. 

The coil number is labelled in Figure 6-28. The current waveform in each coil has 

different amplitude and phase shift. The phase shift of the current is shifted with the 

positioning of the coil. The mechanical angle is 90 degree between coil-1 to coil-12. 

As this is a 4 pole pair machine, the electrical degree has a 360 degrees difference 

between coil-1 and coil-12.  

Furthermore, the magnitude of the current is getting smaller from coil-1 to coil-

12. Due to the airgap at the direction of coil-1 is the narrowest and the damper winding 

is wound 180 mechanical degree, the higher magnetic flux difference caused by the 

airgap length difference will induce a higher current. In addition, we can see that 

although the current from coil-1 to coil-12 is getting smaller, there is fluctuation in the 

peak current from coil-1 to coil-12. This is caused by the counteracting current of the 

higher harmonics magnetic flux. 

From the current produced by the damper windings, odd pole pair magnetic 

flux is produced and the counteracting magnetic flux will damp the additional 

magnetic flux harmonics caused by the rotor eccentricity. 

 

Figure 6-29: Current for each damper winding. 
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6.3.3 Space harmonic analysis 

 

Figure 6-30: Space harmonics of the magnetic flux when Machine-4 is running at no load. 

 

Figure 6-31: Space harmonics of the magnetic flux when Machine-4 is running at rated slip. 

Figure 6-30 and Figure 6-31 show the magnetic flux space harmonics around 

the airgap for no load case and full load case. The similarity between them is the 3rd 

and 5th harmonic were greatly reduced with the introduction of damper winding. 

However, most of the higher harmonics flux could not be damped by the damper 
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windings, because the position of the damper windings are at deep stator slots. This 

means that the higher harmonics flux is unlikely to induce current in the damper 

winding. Although the sideband of the higher harmonics flux could not be significantly 

reduced, the fundamental flux is the dominant flux when the machine runs below its 

rated slip. When the sideband of the fundamental pole pair flux was damped, the UMP 

caused by the fundamental flux can be reduced significantly from no-load to full-load. 

6.3.4 UMP comparison 

 

Figure 6-32: Machine-4’s UMP with 50% rotor eccentricity, comparison of results between with 

and without damper windings. 

 

Figure 6-33: Machine-3’s UMP with 20% rotor eccentricity, comparison of results between with 

and without damper windings. 
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The UMP at the low slip region is shown in Figure 6-32 and Figure 6-33. Both 

machines have an even pole-pair number, therefore, the odd harmonics created by the 

rotor eccentricity could be damped by the damper windings. The UMP is greatly 

reduced because the UMP at the low slip region is caused by the fundamental 

magnetising flux. When the slip increased, the increment of the airgap leakage flux 

which could not be damped by the damper winding produced higher UMP. Therefore, 

the UMP of the wound rotor induction machine with and without damper winding 

increased as the slip increased.  

6.3.5 Losses from the damper windings 

As there is current flowing in the damper windings, additional losses need to 

be considered. Figure 6-34 shows the copper loss over different slip. There is slight 

decrement from 0 slip to 0.04 slip because of the slight reduction in the magnetising 

flux. Therefore, lesser current will be induced.  

Then, the power loss increases from 0.06 to 0.11 slip because of the increment 

of the leakage flux. Although the majority of the leakage flux is not induced in the 

damper winding, the leakage flux pattern is hard to be predicted.  

 

Figure 6-34:  Copper loss of the damper windings in Machine-4. 

In overall, the power loss for the damper windings is almost constant. The 

power loss for the damper windings is also relatively small for a 5.5 kW wound rotor 
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induction machine. In addition, the iron losses can be reduced, because the additional 

magnetic flux is damped by the damper windings. In this case, the increment of copper 

loss can be compensated with the decrement of iron losses, which makes the 

installation of the damper winding in a wound rotor induction machine attractive. 

Furthermore, the additional bearing friction loss due to UMP can be minimised. 

The downside of installing the damper winding is it occupies space in the 

stator. With the reduction of stator iron core, this would reduce the rating of the 

induction machine to prevent core saturation. Therefore, if there is space available in 

the machine, it is worth to install the damper winding because the damper winding 

could be used with another purpose, like the condition monitoring could be 

implemented in the system. 

6.3.6 Comparison between damper windings with different winding 

configuration 

The proposed winding configuration is to wind the damper windings in each 

stator slot to its opposite stator slot. With the same idea of damper winding, the spacing 

between the damper winding is used in Machine-4 with 50% of static eccentricity.   

The spacing of one and two stator slots is made to compare with the original set of 

damper winding. Therefore, 24 slots are wound in the one-spacing configuration and 

16 slots are wound in the two-spacing configuration.  

 

Figure 6-35: Comparison of UMP between different damper winding configuration. 
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 From Figure 6-35, although the UMP can still be reduced if compared to Figure 

6-32, the UMP is larger when the spacing of the damper winding increases. When 

spacing increases, the higher space harmonic of the damper winding’s MMF increases. 

Hence, the effectiveness of the UMP damping decreases. 

6.4 Comparison between Damper windings and Slip Control 

Method for Wound Rotor Induction Machines 

In this section, the slip control method and damper windings topology were 

compared for reducing the UMP of induction machines. Each method has its own 

advantages and disadvantages. Hence, the comparison table for these two methods is 

shown in Table 6-3. Then, the UMP comparison between the two methods on 

Machine-3 is shown in Figure 6-36. 

 Damper Winding Slip Control 

Reduction of UMP 

UMP can be significantly 

reduced for any rotor slip. 

Even at full load, 75% of UMP 

can be reduced. 

The reduction of UMP becomes 

less effective as the load 

increases. 

Control System Not needed. Control system is needed. 

Power Density 

Power density is reduced 

because installing damper 

winding will reduce the active 

magnetic material. 

Remains the same. 

Power Loss 

Additional copper loss in the 

damper winding. Figure 6-34 

shows the copper loss of 3.5W 

occurs in a 5.5kW induction 

machine. 

Additional switching power loss 

of the inverter needs to be 

included. 

Machine Design 
New machine design is 

needed. 

Can be used on any type of 

machine. 

Table 6-3: Difference between damper winding method and slip control method. 
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Figure 6-36: UMP comparison between installing damper windings and applying slip control 

method on Machine-3 with 20% static eccentricity. 

6.4.1 Magnetic flux space harmonics  

Figure 6-37 shows the magnetic flux space harmonics comparison between the 

slip control method and the damper winding topology, in which Machine-3 with 20% 

static eccentricity and with 20% of rated load is tested. The machine with the damper 

windings topology operates at the rated voltage, meanwhile, the machine with slip 

control method operates at 44.7% of the rated voltage. 

From Figure 6-37, as the slip control method reduces the excitation voltage at 

light load to get the desired rotor slip, the fundamental magnetising flux after 

implementing slip control is lower if compared to the damper windings. The reduction 

of fundamental flux leads to the reduction of the magnitude of the pole pair ±1 

sideband flux. However, the higher space harmonics flux of the slip control method is 

higher than the damper windings topology because higher rotor slip causes more 

leakage flux. As the rate of decrement of the UMP caused by the magnetising flux is 

larger than the rate of increment of the UMP caused by the airgap leakage flux, the 

overall UMP can be reduced. 

As a conclusion, unlike the damper winding topology which reduces the 

sideband flux of the fundamental magnetising flux, the slip control method is meant to 
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optimise the UMP caused by the fundamental magnetising flux and the airgap leakage 

flux. Therefore, slip control method can only be used when the UMP caused by the 

airgap leakage is smaller when the machine is lightly loaded. 

 

Figure 6-37: Space harmonics of the magnetic flux of Machine-3 with 20% of static eccentricity 

and with 20% load. 

6.4.2 Power losses   

The power losses of Machine-3 before and after using the UMP reduction 

techniques are shown in this subsection. The UMP of Machine-3 with 20% of static 

eccentricity is illustrated in Figure 6-36. By using the proposed power losses 

calculation in Section 4.7, the comparison between with and without slip control is 

shown in Figure 6-38, meanwhile, and the comparison between with and without 

installation of damper windings is shown in Figure 6-39. 

For the slip control method, controlling the slip at 0.05 had increased the power 

losses. Therefore, the efficiency of the machine is another aspect that needs to be taken 

into consideration when implementing slip control to reduce the UMP. For the 

machine with damper windings, which is shown in Figure 6-39, the power losses had 

been reduced at every operating torque. Unlike the slip control, the damper windings 

does not change the current and the excitation voltage of the induction machine. Also, 

the power losses from the damper winding is negligible. Hence, the significant 

reduction of the UMP from the damper windings had reduced the power losses of the 

induction machine. 
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Figure 6-38: Power losses comparison between with and without slip control for Machine-3 with 

20% static eccentricity. 

 

Figure 6-39: Power losses comparison between with and without damper windings for Machine-

3 with 20% static eccentricity. 
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6.5 Bearing Lifetime 

It is common for the bearing to fail before the predicted lifetime because many 

non-fatigue failure causes are not included in the lifetime prediction [169]. From the 

possible undesirable force exerted on the bearing, the reduction of bearing life can be 

caused by additional loading, vibration force, unbalance bearing loading, bearing 

misalignment forces, V-belt tension forces, and bearing looseness forces [170]. As the 

UMP (can also be known as net radial force in the machine) would produce additional 

radial load on the bearing, the impact of additional loading is investigated in this 

chapter.  When the bearing is overloaded, the cyclic stress exerted on the bearing 

would cause a bearing fatigue failure [171]. 

The analysis of impact of UMP on the bearing lifetime was done through using 

Basic Bearing Life (�nU), as shown in [172]. �nU of a bearing indicates the lifetime of 

90% of the bearing can be expected to survive [173]. The formula for the �nU is shown 

in (6-16). ��  is the dynamic load capacity which varies with bearing type and 

manufacturer. Bearing with a better quality or a bigger diameter will have a higher ��. 

The bearing lifetime calculation is based on the assumptions in Sub-section 4.7.3. 

 �nU = o���Tïp
¼ (6-16) 

 

Figure 6-40: Bearing lifetime (revolutions) vs equivalent load. 
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Figure 6-40 shows the bearing lifetime for a ball bearing with a �� of 10kN. 

The UMP and the rotor weight are assumed to act towards the same direction with a 

constant force. Figure 6-40 shows that the bearing lifetime reduces exponentially when 

the equivalent load increases.  

The analysis of the bearing lifetime only investigates the impact of static UMP; 

it does not show the exact bearing lifetime, because the axial bearing loading and the 

working environment of the bearing are not taken into account. In addition, the degree 

of eccentricity is assumed to remain the same, in which the rotor eccentricity does not 

get worsen over time. Although a most realistic bearing model is not shown, this 

section could show the impact of UMP on the bearing lifetime and also highlight the 

importance of reducing UMP.  

6.5.1 Different degree of eccentricity 

In Figure 6-41, the bearing lifetime is calculated by using (6-16), in which the 

UMP values are taken from experimental results in Sub-section 3.6.7. As the slip 

increased, the bearing lifetime reduced because UMP produces additional loading on 

the bearing; the bearing lifetime reduction for 0.2, 0.4, 0.5 degree of eccentricity are 

48%, 79%, 84% respectively. From here, it can be seen that the UMP could 

significantly reduce the bearing lifetime. Also, the UMP may also cause additional 

eccentricity when the rotor shaft is not sufficiently stiff [35], which would further 

reduce the bearing lifetime. 

 

Figure 6-41: UMP and bearing lifetime of Machine-2 with 50% rated voltage at no-load. 



Methods to Reduce UMP 

 207 

6.5.2 Constant load with different rotor slip 

Sub-section 6.2.9 shows the impact of varying the rotor slip when a constant 

load of 11 Nm is applied. This chapter is to further show the impact of the UMP on 

the bearing lifetime by using the experimental results taken from Sub-section 6.2.9. 

When the rotor has a weight of 140 N and acts towards the same direction as the UMP, 

Figure 6-42 shows that if the UMP could reduce from 99 N to 52 N, the bearing 

lifetime could be increased by around 100%. As the bearing lifetime calculation in 

(6-16) is a cube function, the bearing lifetime could be significantly increased when 

the UMP is reduced. 

 

Figure 6-42: Bearing lifetime and UMP of Machine-2 at a constant load of 11 Nm. 

6.5.3 Comparison between slip control method and damper 

windings topology in Machine-3 

For different degree of eccentricity, the bearing lifetime of Machine-3 with 

40% load is illustrated in Figure 6-44, which is based on the UMP results in Figure 

6-43. The UMP increases when the degree of eccentricity increases, in which reduces 

the bearing lifetime. 

Through implementing the UMP reduction techniques, the bearing lifetime 

could be increased. For example, at 0.5 degree of eccentricity, the bearing lifetime is 
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increased by 5.5 times when slip control method is used. Meanwhile, as the machine 

with damper winding can significantly reduce the UMP, the bearing lifetime of the 

machine with damper winding is significantly higher than the slip control method. 

 

Figure 6-43: UMP at different degree of eccentricity. 

 

           

Figure 6-44: Bearing lifetime in revolutions at different degree of eccentricity. 
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6.6 Chapter Summary 

The slip control method had shown promising UMP reduction results on both 

wound rotor and cage rotor induction machine. However, due to most of the UMP of 

the cage rotor induction machine had already been damped by the parallel rotor bar, 

the UMP reduction for the cage rotor induction machine is not as significant as the 

wound rotor induction machine. Furthermore, rate of change limiter for the reference 

voltage is needed when controlling the rotor flux. This is because a sudden change in 

voltage will cause a UMP spike that is harmful to the bearing. Also, the effect from 

the inverter supplied voltage was also investigated, which has shown that the higher 

voltage harmonics would increase the UMP of the machine. 

Furthermore, the damper windings topology is proposed for the wound rotor 

induction machine to damp the UMP caused by fundamental magnetising flux. By 

using the proposed damper windings, more than 75% of UMP can be damped when 

the machine is running at its operating region. 

In addition, the power losses of the slip control method and damper windings 

topology in a wound rotor induction machine were compared. As the best efficiency 

of Machine-3 is not at 0.05 slip, the power losses were increased when using slip 

control to reduce the UMP. Meanwhile, the machine’s efficiency can be increased 

when using damper windings, because it does not change the operating condition of 

the machine. However, damper windings topology requires additional winding that 

may reduce the power density of the machine. Therefore, these issues need to be 

investigated when choosing the method to reduce UMP. 

Although bearing L10 lifetime calculation shown in this chapter does not reflect 

the exact bearing lifetime, because only the UMP and rotor weight are considered, it 

can be used to investigate the impact of UMP on the bearings. From the comparisons 

made in the L10 lifetime, the bearing fatigue lifetime can be significantly increased 

when using either type of UMP reduction methods, because the reduction of UMP 

reduces the radial loading of the bearing.  
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7 Conclusions and Future Work 

7.1 Conclusions 

Given the high bearing failure rate of induction machines, the importance of 

reducing the UMP was highlighted in this thesis. Before identifying the methods to 

reduce UMP, the UMP characteristics were comprehensively discussed. Analytical 

modelling, FEA, and experimental works were used to study the characteristics of the 

UMP. Then, two methods were proposed in order to reduce the UMP, which were the 

slip control method and the damper winding topology. 

In Chapter 3, the analytical modelling for UMP calculation was presented. 

After discussing the magnetic permeance harmonics caused by rotor eccentricity, a 

few assumptions about the low degree of eccentricity were made to simplify the UMP 

calculation. The dynamic and static eccentricity were separated in the UMP analysis. 

The UMP analytical model showed that the UMP is proportional to the multiplication 

of the degree of eccentricity with the magnitude of the magnetic flux of each pole-pair 

in the airgap.  Meanwhile, the setup of the experimental work and the FEA is shown 

in this chapter. Prevention works to reduce the error in setting up the experimental test 

rig were shown. Then, the experimental results were used to validate the reliability of 

the FEA analysis. Results had shown good correlation when the machine operates 
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below its rated slip. However, the error increases when the rotor slip is high, because 

skewed rotor is not taken into account in a 2D-FEA.  

Further to this, the UMP during the FEA and experimental results were 

analysed by using FFT analysis. The constant component and 2-times supply 

frequency components from the static eccentricity were shown in both cases and 

matched with the UMP analytical model. When compared to the constant component, 

the 2-times supply frequency component is negligible, because the backward rotating 

flux is minimal in a series connected stator winding induction machine.  Then, UMP 

was analysed by using a blank rotor. The analysis of blank rotor could show a clearer 

space harmonics distribution of the airgap flux because the rotor winding causes zigzag 

leakage flux and the additional current induced in the rotor would have influenced the 

results. The FFT analysis of the airgap leakage flux illustrated that  pole pair 

±1 magnetic flux exists when rotor eccentricity occurred.  

From the significant difference of UMP between the wound rotor and cage 

rotor induction machine that had been pointed out by many previous researchers, in 

Chapter 4, the damping effect from the cage rotor bar was comprehensively discussed. 

The UMP Damping Coefficient was introduced to explain the damping scenario. Also, 

the Damping Coefficient can be used in the analytical model for steady state analysis. 

Moreover, only the Damping Coefficient of the fundamental magnetising flux is 

investigated in this thesis. Both the experimental work and FEA are also used to verify 

the proposed Damping Coefficient. The Damping Coefficient is a function of the 

angular slip frequency, rotor inductance and rotor resistance.  This results show that 

the direction of the UMP caused by the magnetising flux is not acting toward the 

narrowest airgap when there is damping of the UMP. The UMP direction is also a 

function of the angular slip frequency.  

Furthermore, different excitation frequency and rotor bar resistance have been 

investigated. The findings illustrated that an induction machine with lower excitation 

frequency had a higher UMP because of the reduction of the effectiveness of UMP 

damping. This is similar to the rotor bar resistance, where the UMP was higher when 
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the rotor bar resistance was larger. After that, the difference between the Damping 

Coefficient of the static and dynamic eccentricity was demonstrated. The flux could 

not be totally damped by the cage rotor bar, so the airgap magnetic flux was divided 

into two categories: fundamental magnetising flux and airgap leakage flux. The UMP 

for both the wound rotor and cage rotor induction machine are shown to conclude the 

entire analysis on the damping of UMP.  

Then, the skewed rotor and axial-varying eccentricity of the cage rotor 

induction machine was further discussed by using the proposed UMP Damping 

Coefficient. For a skewed rotor, the imperfect coupling of magnetic flux reduced the 

effectiveness of the UMP damping, and the increment of the skew leakage flux also 

caused a larger UMP when the slip increased. Due to the uneven distribution of the 

magnetic flux around the airgap, additional power losses would occur due to rotor 

eccentricity. The calculation of iron losses for a wound rotor induction machine with 

eccentricity was shown, in which the power losses were higher when the degree of 

eccentricity was bigger. For the cage rotor induction machine, the rotor copper loss 

showed a 5% increment due to 50% of static eccentricity. Furthermore, the UMP is 

considered an additional radial load, which caused the bearing frictional loss that 

increased with the UMP. 

In Chapter 5, the empirical method was proposed to calculate the UMP. The 

empirical method was introduced to simplify the UMP calculation, which could solve 

the problem of calculating the UMP caused by the airgap leakage flux. Instead of 

finding the airgap leakage inductance, the empirical method was used directly to 

estimate the UMP caused by the airgap leakage flux. Also, the UMP caused by the 

fundamental magnetising flux was included in the UMP estimation.  The empirical 

method was tested on three different machines. The empirical method was then used 

to estimate the UMP for different static eccentricity and dynamic eccentricity. The 

estimated results were compared and verified with the FEA. However, the empirical 

method can only be used below the rated slip, where the rotor reactance can be 

neglected. Then, a UMP/torque ratio was introduced in order to find the operating slip 

of the machine with the lowest UMP. It was proven that the minimum UMP rotor slip 
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did not change with the supplied voltage. The saturation effect was clearly shown in 

the UMP/torque ratio, but it did not have much effect on the selection of the optimum 

operating slip. The equation to find the operating slip with the lowest UMP was 

developed.  

In Chapter 6, two methods were proposed to reduce the UMP of induction 

machines: slip control method and damper winding method. For slip control method, 

the model-based control method is used to control the rotor slip so that the machine 

can operate at its optimum operating slip. The occurrence of UMP spike when 

switching the excitation voltage was discovered. Therefore, the rate of change limit 

needs to be set in the model to reduce the UMP spike. The UMP reduction in the wound 

rotor and cage rotor induction machine are shown by using Matlab/Simulink. The 

results show that the slip control is only effective when the machine is lightly loaded 

because the concept of slip control is to change the magnetising flux to balance the 

UMP caused by the airgap leakage flux and the UMP caused by the magnetising flux. 

Then, an ideal sinusoidal excitation voltage and also an inverter supplied voltage are 

also compared in this chapter. Finally, the experimental work on a constant load at 

different voltage levels is shown in this chapter.  

The damper windings method uses the characteristic of the circulating current 

in the parallel winding which could create a counteracting flux to damp the UMP. The 

proposed damper windings configuration is only suitable for the even pole-pair 

machine. UMP with and without damper windings are compared on a 4-pole and 8-

pole wound rotor induction machine. This showed a significant UMP reduction with 

the damper windings which is higher than 90% in the machine running at no-load. 

However, the installation of damper winding will reduce the active part of the 

induction machine, which needs to be considered in designing an induction machine. 

Furthermore, the copper loss from the damper winding is shown. It has been proven 

than the additional copper loss from the damper winding is much lower than the 

frictional loss from the UMP which makes the installation of the damper winding to 

be worthy. Finally, basic bearing lifetime calculation was shown to prove the 

importance of reducing the UMP of the machine. 
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Overall, the work presented in the thesis can be separated into two parts which 

is the discussion on the UMP characteristic and the investigation on the methods to 

reduce the UMP. The discussion of the UMP characteristic had been undertaken by 

using analytical models, in which a few analytical models are also proposed. The 

proposed analytical models include calculation of the UMP Damping Coefficient, 

UMP calculation in a skewed rotor, UMP calculation in axial-varying eccentricity, 

additional power losses caused by an eccentric rotor, UMP calculation through 

empirical methods for both static and dynamic eccentricity. The key points that can be 

highlighted in the first part of the thesis: 

1) UMP could be damped by the parallel path in the machine. The damping of 

UMP will shift the direction of the UMP away from the narrowest airgap. 

The changing of direction is significant only when the rotor is running at 

around synchronous speed, because the magnetising flux is the dominant 

flux in the airgap. 

2) A skewed rotor would increase the UMP in cage rotor induction machines 

because the UMP damping effect is reduced and the increment of the airgap 

leakage flux. 

3) Rotor eccentricity would increase the power losses in the machine. For 

wound rotor induction machines, additional iron losses are caused by the 

additional magnetic flux harmonics in the machine. Meanwhile, circulating 

current in the cage rotor induction machines would increase the copper loss. 

In addition, the UMP would increase the bearing friction loss in both types 

of induction machines. 

In the second part of the thesis, the investigation of the methods to reduce the 

UMP had been shown. The two methods shown in the thesis are the slip control method 

and the damper windings topology. In order to implement the slip control method, an 

UMP/Torque ratio is introduced to find the operating slip with the lowest UMP. 

Furthermore, a new damper windings configuration is proposed to reduce the sideband 

flux caused by the rotor eccentricity. The key points that can be highlighted in the 

second part of the thesis are: 
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1) The rotor slip with the lowest UMP is highly dependent on the type of 

induction machines and the machine parameters.  

2) The slip control method is more effective when the induction machines are 

lightly loaded. Meanwhile, the damper windings topology can effectively 

reduce the UMP when the machine is running below its rated slip. 

7.2 Future Work 

There are many ways in which the work undertaken in this thesis could be 

extended. There are also many applications that could greatly benefit from the idea 

proposed in the thesis.  

From a modelling perspective, the analytical model to calculate the UMP had 

already been commonly shown. The main problem with using it for accurate 

calculation is that the leakage flux that crosses the airgap is difficult to be calculated. 

This thesis uses the FEA method to find the UMP caused by the airgap leakage flux. 

An improvement could be made if an analytical method could be used to predict the 

airgap leakage flux. The analytical method probably needs to include a few aspects 

such as stator and rotor teeth length, stator and rotor slots design, the airgap length and 

the ratio between the stator and rotor. If this could transform into the analytical model, 

this would help in designing a machine with a lower UMP when rotor eccentricity 

occurred. For example, modification of the airgap length had shown a significant 

difference in the airgap leakage flux. If this information could be standardised by using 

the analytical method, this would add an additional objective when designing a 

machine.  

  As changing the magnetising flux in the machine could affect the power losses, 

the calculation of the additional power losses due to rotor eccentricity is only briefly 

described in this thesis. The power losses model could be further extended by including 

the skin effect of the rotor bar, then, the stray load loss could be added to the 

calculation. Future work could be extended through optimising between the power loss 

and the UMP. As the control of magnetising flux is based on the power losses and the 

UMP, fast computational time is needed to process these information, in which the 
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proposed analytical calculation for the power losses and the proposed empirical 

method for UMP calculation can be used.  

Optimisation techniques could be used to get a balance between power loss and 

UMP of the induction machines. The objective function can be set by considering the 

load pattern, degree of eccentricity, temperature, type of bearing and failure rate. With 

the fast UMP calculation, predicting the bearing failure can further be done. Then, the 

objective function in the optimisation could be changed to decrease the bearing failure. 

However, load fluctuation would affect the selection of the magnetising flux in the 

machine because of small rotor time constant. Therefore, research can be conducted 

on the optimum flux selection in a fluctuation load condition. 

The installation of damper windings in the wound rotor induction machine had 

shown to be a promising method to reduce UMP. Therefore, further research can be 

done to study the side effect of installing the proposed damper winding, in which the 

thermal performance, power density and torque performance can be included. In 

addition, research on utilising the damper winding topology to detect the fault in 

induction machines can also be done. Condition monitoring through the damper 

winding is feasible, because the proposed damper windings could detect all the odd 

pole pair harmonics in the machine. 

 Furthermore, the slots permeance causes noise and vibration, which had 

already been discussed by many researchers. The existence of rotor eccentricity would 

amplify the vibration caused by the slot permeance, which causes the deterioration of 

bearing lifetime. As the noise and vibration of machine are difficult to be calculated, 

further works can be done to simplify the noise and vibration estimation by using the 

proposed empirical method, which uses the experimental or FEA data to estimate the 

UMP.  

In addition, given the different control strategy, such as DTC or FOC, could 

produce different voltage harmonics, the different magnetic flux harmonics in the 

machine could have contributed differently to the vibration. The influence of the other 

kind of control strategies can be further investigated. The vibration factor caused by 
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different control strategy needs to be investigated with the natural frequency of the 

system. Then, choosing the control topology could also be combined with selecting 

the stator and rotor slots. Other than reducing the noise level, which is suggested by 

many researchers, this also could reduce the vibration force exerted on the bearing. 

 Lastly, machine-learning could also be implemented to simplify the design 

stage, failure prediction, machine load prediction and control strategy. In the designing 

stage, the machine design can be differentiated with features. Then, using this data 

with UMP would help in deciding the best design. Furthermore, the failure prediction 

could be used by collecting the data before the bearing malfunction, this information 

can then be processed to estimate when the next failure will occur. After having this 

prediction, the bearing could be changed before it breaks down or the objective 

function could be changed to prolong the lifetime. The machine load prediction is 

essential for a fluctuating load like in a renewable energy generation. For wind energy 

generation, if the wind power for the next minute or the next 10 minutes could be 

predicted, the optimum flux can be adjusted to suit the conditions.  
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Appendix A: Machine Parameters 

Machine-1 Parameter 

Power (kW) 7.5kW 

Poles 4 

Axial Length 178.6mm 

Stator Radius 140mm 

Rotor Radius 89.75mm 

Airgap Length 0.5mm 

Stator slots number 36 

Stator turns per coil 22 

Stator resistance (phase) 1.08 ohm 

Rotor Slots number 28 

Rotor turns per coil 1 

Rotor resistance (phase) 1.105ohm 

Magnetising inductance (phase) 0.282H 

Leakage Factor 0.11 

Rotor Inertia 0.1296 kg/m3 

 

 

Figure A-1: Geometry of Machine-1 in 2D FEA. 
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 Machine-2 Parameter 

FEA Experiment 

Power (kW) 5.5kW 

Poles 8 

Axial Length 180mm 

Stator Radius 120mm 

Rotor Radius 78mm 

Airgap Length 0.9mm 

Stator slots number 52 

Stator turns per coil 13 - 

Stator resistance (phase) 1.579ohm 1.7ohm 

Rotor Slots number 42 

Rotor turns per coil 1 

Rotor resistance (phase) 0.846ohm 0.9ohm 

Stator inductance (phase) 0.1795H 0.19H 

Leakage Factor 0.18 0.2 

Rotor Inertia 0.0804 kg/m3 

 

 

Figure A-2: Geometry of Machine-2 in 2D FEA. 
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Machine-3 Parameter 

Power (kW) 7.5kW 

Poles 4 

Axial Length 178.6mm 

Stator Radius 140mm 

Rotor Radius 89.75mm 

Airgap Length 0.5mm 

Stator slots number 36 

Stator turns per coil 22 

Stator resistance (phase) 1.08 ohm 

Rotor Slots number 48 

Rotor turns per coil 6 

Rotor resistance (phase) 1.339ohm 

Magnetising inductance (phase) 0.286H 

Leakage Factor 0.12 

Rotor Inertia 0.1296 kg/m3 

 

 

Figure A-3: Geometry of Machine-3 in 2D FEA. 
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Machine-4 Parameter 

Power (kW) 5.5kW 

Poles 8 

Axial Length 178.6mm 

Stator Radius 140mm 

Rotor Radius 89.75mm 

Airgap Length 0.5mm 

Stator slots number 48 

Stator turns per coil 22 

Stator resistance (phase) 1.5 ohm 

Rotor Slots number 48 

Rotor turns per coil 6 

Rotor resistance (phase) 1.105ohm 

Magnetising inductance (phase) 0.282H 

Leakage Factor 0.11 

Rotor Inertia 0.1296 kg/m3 

 

Figure A-4: Geometry of Machine-4 in 2D FEA. 
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Appendix B: Experimental Apparatus Specifications 

 

Model SJ200 075HFEF 

Output Rating Applicable motor size 7.5 kW 

Rated Capacity 400V 11 kW 

480V 13.3 kW 

Rated output current 16 A 

Overload Capacity 150% for 6 seconds 

Rated output voltage  3-phase, 380V to 480V 

(corresponding to input 

voltage) 

Carrier frequency 2 kHz to 14 kHz 

Input Rating Rated input voltage 380 V to 480 V ±10%, 

50/60 Hz±5% 

Enclosure  IP20 (NEMA 1) 

Cooling method Force ventilation 

Weight 3.8 kg 

Table B-1: Inverter specification. 

 

 

Model Electrodrives BS5000-99 

Power 5.5 kW 

Speed 710 

Frequency  50/60 Hz 

Rated voltage 415V 

Rated current 13.4 

Poles 8 

Slip 0.053 

Size D160H 

Table B-2: Nameplate details for induction machines (Machine-2). 
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Model Magtrol TMB210/432 

Nominal Rated Torque 50 Nm 

Sensitivity 100 mV/Nm 

Maximum speed 4000 RPM 

Pulse wheel 60pulses/rev 

Table B-3: Torque transducer specification. 

 

Model  Kistler 9366CC 

Max allowed measuring range  �© and �̈  -25…25 kN 

�» -25…60 kN 

Sensitivity �© and �̈  -7.8 pC 

�» - 3.8 pC 

Difference in sensitivity with 

various top plates size 

�© ,�̈ and �̈  ±2% 

Operating temperature  -20…70 °C 

Connection type  Fischer flange 9-pin neg, 

Max top plate size  750mm x 750mm 

Table B-4: Multicomponent force link set specification. 

 

Model Dynoware Type5697 

Number of channels 28 

Resolution (per channel) 16 Bit 

Input voltage ±20 V 

Sampling frequency (1 channel) 1000 kS/s 

Sampling frequency (14 channels) 71 kS/s 

Table B-5: Data acquisition specification. 
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Model Kistler 5070A 

Number of channel 4/8 

Connector type BNC/ Fischer 8-pole 

Measuring range ±200…200 000pC 

Measurement uncertainty <±0.3% 

Drift, measuring mode <±0.05 pC/s 

Frequency range (20Vpp) 0-45 kHz 

Group delay <0 µS 

Output voltage ±10 

Output current ±2 mA 

Output resistance 10 ohm 

Zero point error < ±10 mV 

Output interference signal  <10 mVpp 

Table B-6: Charge amplifier specification. 
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Appendix C: Eccentric Rotor 

 

Figure C-1: Eccentric rotor. 

The assumption has been made that the airgap perpendicular to the eccentric rotor is 

the same as the airgap length of an ideally positioned concentric rotor. To prove the 

assumptions, referring to Figure C-1, let the rotor has an eccentricity towards the 

positive Y-axis direction, the rotor coordinate can be written as (C-1) [15]. 

 B\ + !Fg + Àg = Èg (C-1) 

After expanding, 

 !g + Àg = Èg − 2\! @ 2\g (C-2) 

By using the trigonometry characteristic  

 !g ? Àg G ¿g (C-3) 

 (C-2) becomes: 

 ¿g ? 2\¿ IJK C ? \g IJKg C G Èg @ \gB1 @ IJKg CF (C-4) 

 

"
�

B#,$F
�

��



References 

 226 

After simplification, 

 ¿ ? \ IJK C G ÈØ1 ? \g
Èg B1 ? IJKg CF (C-5) 

 

As the airgap of an induction machine is much smaller than the radius of the rotor, 

\ ≪ È, the right hand side of (C-5) equals to È. Therefore,  

 ¿ G È @ \ IJK C (C-6) 

The airgap length is the distance between the rotor and the stator which can be 

written as: 

 Z G ¿ @ È (C-7) 

Therefore, the airgap length around the airgap is: 

 Z′ G ZB1 @ \ IJK CF (C-8) 
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Appendix D: Magnetic flux space harmonics of blank,  

           wound and cage rotor 
 

Figure D-1 shows the magnetic flux space harmonics of five different time 

instants in the no-load operation for each type of rotor configuration, in which each 

machine has the same stator configuration. By comparing Figure D-1 (a), (b) and (c), 

it shows that the magnitude of each magnetic flux space harmonic in the blank rotor 

remains almost constant at any instant of time, however, the magnitude of each 

magnetic flux space harmonic of cage and wound rotor change with time even in a no-

load operation. This is because of the induced flux in the rotor bar and the existence 

of the zigzag leakage flux. Therefore, a more precise analysis on the magnetic 

permeance harmonics can be done through the blank rotor setup. 

 

 

 

                  (a) 
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               (b) 

 

                  (c)  

Figure D-1: Space harmonics of the magnetic flux distribution of (a) blank rotor (b) cage rotor 

(c) wound rotor induction machine. 
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Appendix E: Experimental Results 

The experimental results is shown in Appendix E. The UMP is filtered in order to find 

the constant component of the UMP. Figure E-1 shows the experimental results for the 

Damping Coefficient verification. 

 

(a) 

 

(b) 

Figure E-1: UMP for (a) Figure 4-4 (b) Figure 4-5. 

0 1 2 3 4 5 6 7 8 9 10

x 10
5

-10

0

10

20

30

40

50

60

70

Sample

U
M

P
 (

N
)

0 1 2 3 4 5 6 7 8 9 10

x 10
5

-10

0

10

20

30

40

50

Sample

U
M

P
 (

N
)



References 

 230 

    

Figure E-2: Experimental results for Figure 4-18 . 

 

 

Figure E-3: Experimental results for Figure 4-18. 
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Figure E-4: Experimental results for Figure 4-10. 

 

 

Figure E-5: Experimental results for Figure 5-3 (0.35pu). 
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Figure E-6: Experimental results for Figure 5-3 (0.5pu). 

 

 

Figure E-7: Experimental results for Figure 6-25. 
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Appendix F: Matlab/Simulink Setup 

The Simulink model for the results shown in Chapter 6 are shown in Appendix F. 

Figure F-1 shows the Simulink model for both with and without applying slip control. 

The load torque of the machine is connected to both machines. For the one with slip 

control, the load torque information is fed in to the supply control block to change the 

magnetising flux.  

 

Figure F-1: Overview of the Simulink model. 

The asynchronous machine supplied by a pure sinusoidal voltage can be shown in 

Figure F-2. Then, the inverter supplied is shown in Figure F-3. The reference voltage 

is precalculated by using the relationship shown in (6-8). 
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 Figure F-3: Pure sinusoidal voltage supplied. 

 

Figure F-3: Inverter voltage supplied. 

 

Then, the current information is taken from the asynchronous machine block for UMP 

calculation. The angle between the stator and rotor current is calculated. This angle is 

used for the magnetising flux calculation. For cage rotor, damping coefficient is added 

to calculate the damping effect. Then, the summation of the UMP from the 
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magnetising flux, stator’s airgap leakage flux and rotor’s airgap leakage flux is made. 

Figure F-4 shows the UMP calculation block. 

 

Figure F-4: UMP calculation block. 
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