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Bearing current and shaft voltage measurement in 
electrical motors 

Summary 

Due to the fast-rising voltage pulses of pulse width modulated drives, the generated shaft 

voltage of electrical motors causes electrical discharge currents in bearings. These discharges 

can cause bearing failure leading to costly maintenance and unexpected production stops. To 

eliminate the raised shaft voltage, several techniques are used such as shaft grounding 

brushes, insulated bearings and conductive grease. The possibility to measure discharge 

activity on a PWM driven induction motor offers a tool for researchers to test different 

bearings in electric motors. In order to measure the shaft voltages and bearing currents, 

modifications of an induction motor are made firstly using 3D software and then on the 

physical motor. By insulating the bearing from the frame and attaching a copper ring to the 

bearings outer race bearing currents can be measured. The combined measurements of shaft 

voltage, bearing currents and frame currents shows the bearings conductive states at low 

speed, and insulated state at higher speed. Electrical discharge activity (DA) is observed as 

shaft voltage raises, resulting in a bearing current spike and shaft voltage drops rapidly while 

stator current is unaffected.  

Experimental tests were performed with a sample bearing at different operating conditions, 

such as operating speed, temperature, motor load, etc., to determine the effect of the 

common mode voltages on bearing currents and shaft voltages. At low temperatures between 

23-26 ̊ C and motor speeds above 1000 rpm EDM currents were observed. On temperatures 

above 40 ˚C no major EDM currents were observed regardless of rpm due to the bearing 

remaining in an ohmic conductive state. The modifications of the motor have shown to give 

reliable bearing current and shaft voltage measurements that can help in future research in 

this area. 
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Nomenclature 

Glossary 
 

AC = Alternating current 

DA = Discharge activity 

DC = Direct current 

D-side = drive side 

EDM = Electrical discharge machining 

ND-side = non-drive side 

PWM = Pulse Width Modulation 

VSD = Variable speed drive 

Symbols 
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𝛥 = Delta connection 
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1 Introduction 

This report is being written by doing literary studies and practical work in ABB laboratories 

by performing measurements on a modified electrical induction motor. Observed problem 

with damaged bearings in electrical motors is not a new phenomenon, however these 

currents have been studied more throughout lately due to higher power saving and control 

requirements, which is achieved with the help of variable speed drives (VSD) using pulse 

width modulation techniques.  

This report is aimed to be useful for future measurements on bearing currents and shaft 

voltages, to gain a better understanding on how to measure bearing damaging currents. This 

report is also a part of a bachelor thesis within electrical engineering program at University 

West in Trollhättan. 

1.1 Background 

Traditionally, 3-Phase induction motors were line-fed and therefore limited in ways to 

control the rotational speed during operation. Motor speed (revolutions per minute, or also 

rpm) were preset and dependent on motor design. The amount of stator poles decides how 

many revolutions the rotor does depending on the supplied frequency. This relation between 

amount of stator poles 𝑝, supply voltage frequency 𝑓 and rpm 𝑛𝑠 can be described by the 

synchronous speed formula. 

 
𝑛𝑠 =

2𝑓

𝑝
∙ 60 

(1.1) 

It is clearly seen in (1.1) that rpm ns can be alternated by either changing the number of poles 

𝑝 or input frequency 𝑓. To change the frequency in modern motors voltage source inverters 

are used, wherein semiconductor switches are used to modify the pulse width of a voltage. 

This modulation of the voltage allows control of the supply current into the motor both by 

amplitude and frequency. This has however brought new problems due to capacitive 

couplings in the motor together with the high frequency switching of the inverter voltage. 

The main cause of electrostatic discharges between the bearing races is due to sharply rising 

shaft voltages which are induced by leakage inductance and the capacitance between the 

winding turns of the stator coil [1], [2], [3].   
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1.2 Purpose and Scope 

To understand the circumstances that lead to damaged bearings, it is important to study the 

different causes of these occurrences. Bearing failure can cause unwanted production stops 

in industries that rely on motor operation in their production process. These stops result in 

higher production and maintenance costs. Proper design of a measurement setup and using 

it to a working motor would offer the possibility to conduct measurements to further study 

different bearing types. Since the bearing itself won’t be altered or modified in any way, 

measurement results should point to how different bearing types perform under certain 

operation conditions, and thus could help improve motor designs in the future. 

1.3 Methodology 

Because it is impossible to measure the bearing currents directly without modifying the 

motor, electrical models will help understanding the impact of any modifications done to the 

bearing of the motor. By studying reports and articles about bearing currents, several 

methods for measuring bearing current have been found. Practical modifications of a test 

motor will be made to offer the possibility to measure shaft and line voltages and bearing 

currents. 

2 Pulse Width modulation (PWM) based AC 
Drives 

In a PWM drive system line-voltage is rectified to a DC-voltage as seen in Figure 2.1. A 

common way is to rectify a 3-phase input and charge a capacitor bank. The DC-voltage that 

is charged over the capacitors is then fed to a thyristor setup which can be opened or closed 

to allow a DC-current flow. These thyristors are then switched on and off in a programmed 

way allowing a rapid raise in voltage through the thyristors. While the thyristors are open, 

voltage will raise to a threshold and current will flow through an inductor. When the thyristor 

is closed, voltage will rapidly drop and the current through the filter inductor will decrease 

in amplitude. By switching these thyristors on and keeping them open, the voltage pulse 

width can be manipulated allowing a controlled current flow through the filter inductor [1], 

[2], [3], [4]. 

 

Figure 2.1.  Example of the equipment configuration of a typical PWM drive 
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2.1 Common mode voltage 

The motor used in this setup has three line terminals to connect to the PWM drive output. 

Depending on how the windings are arranged to the terminals, either a star connection 𝑌 or 

a delta connection 𝛥 can be made. In a 𝑌 connection, a common neutral point is available 

that can be used to measure the common mode voltage 𝑉𝑐𝑚 directly. The common mode 

voltage is the total voltage that will be induced into the motor windings measured at a given 

time. If the motor is connected in a 𝛥 connection no common neutral point exists and 

another reference point need to be chosen. Equation (2.1) shows that the common mode 

voltage can be determined by calculating the average voltage of the summarized line voltages 

[1], [6]. 

 𝑉𝑐𝑚 =
𝑉1 + 𝑉2 + 𝑉3

3
 

(2.1) 

2.2 Leakage induction 

Transients from the switching operation of the drive and the high 𝑑𝑉/𝑑𝑡 components of 

the common mode voltage can cause problems due to parasitic capacitive coupling in the 

electric motor. Some of the resulting problems are induced shaft voltages and leakage 

currents into the stator frame [1], [5], [6]. The effect of the induced leakage currents can be 

reduced by shielding the windings and stator parts inside of the motor [7]. 

2.3 Shaft grounding current 

A shaft voltage 𝑉𝑠ℎ builds up if the grounding of the shaft is unsatisfactory and leakage 

current is induced to the rotor. As the 𝑉𝑐𝑚 has sharp 𝑑𝑉/𝑑𝑡 components due to the voltage 

pulses of the PWM drive, this induced current will charge the voltage in the shaft. On bearing 

rotation, the lubrication oil in the grease creates a thin insulating layer between ball and inner 

race which affects the ground connection from shaft to stator frame. This insulation layer 

prevents current flow through the bearing. If the insulation layer is very thin < (0.1…2) µm 

the small resistance of this lubrication film will allow current flow through the bearing, hence 

allowing 𝑉𝑠ℎ  to discharge [1]. This shaft grounding 𝑖𝑔 current flows from the shaft through 

the bearing and flows through the stator frame to ground [2]. These currents can be reduced 

or eliminated by grounding the shaft using carbon brushes and insulate the bearings from 

the stator frame [7]. 

2.4 Circulating currents 

High frequency components of the 𝑉𝑐𝑚 on the windings terminals creates a magnetic flux 

around the motor shaft. If asymmetry in the windings exists, this together with the 

capacitance between windings and stator frame leak current into the shaft. The created flux 

will induce a circulating current which will follow a path from the stator to rotor and through 

the bearing [1], [2], [3], [4], [5], [6].  
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3 Motor Bearings and its failure modes 

The bearings in an induction motor play a very crucial part as they hold the shaft of the rotor 

in place and prevent it from making contact with the stator frame. It is a necessity to keep 

the gap between rotor and stator frame as small as possible. A slight unbalance in airgap can 

result in vibrations of the motor and thus damage the bearings, which in worst case can result 

in the rotor hitting the stator frame and damage the entire motor. This can be a potential 

safety hazard as moving parts can detach and cause injury to people and property. As 

asynchronous electric machines do not require mechanical contact mechanisms to transfer 

power from stator to rotor they are considered low maintenance machines in comparison to 

brushed DC or synchronous machines. In virtually all cases an induction motor has two 

moving mechanical parts, which are the bearings on the Drive and Non drive side, thus 

finding ways to lengthen service interval time and wear out of these is beneficial [1], [2], [3]. 

3.1 Different bearing materials and types 

Steel is the most common material used for all types of bearings. Manufacturers use 

techniques such as carbon chromium steel hardening on their bearings to improve thermal 

characteristics and hardness. Bearings made of steel are widely available and being produced 

in a wide range of dimensions, types and sizes [7]. 

Ceramic bearings are made completely out of high electrical resistance material and are meant 

to create an insulation between the rotor shaft and end shield. The ceramic material is harder 

than steel, but is more prone to snapping under heavy load and vibrations than steel bearings. 

The main benefit of these bearings is that they are non-responsive to magnetic fields and 

electric currents. Mechanically these bearings have low density and have a high modulus of 

elasticity which offers resistance against deformation under heavy load and vibrations. 

More common than pure ceramic bearings are Hybrid bearings with inner and outer races 

made of steel and ball bearings of a ceramic material. These bearings also offer electrical 

insulation between the inner and outer race of the bearing while being cheaper to 

manufacture. Another benefit is that the assembly of the bearing is the same as of any steel 

type bearing [8], [9]. 

3.1.1 Ball type bearing 

The deep groove ball bearing is the most common bearing type and is highly versatile due to 

simple design. Deep groove ball bearings are suitable for high speed applications and several 

different variants are commonly used depending on load specifications. The races in a deep 

groove radial bearing are similar in dimension to the balls within the bearing.  

3.1.2 Roller type bearing 

Instead of balls, a roller type bearing has rollers of cylindrical shape between the races. A 

common roller type bearing has cylinders of greater length than diameter, which allows 
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higher load capacity than ball bearings. Higher friction and lower capacity can be problematic 

in these bearings if the load is not applied in the primary supported direction. Another 

problem is that if the bearing is mounted vertically on the shaft the vertical movement of the 

shaft can misalign the inner and outer races and negatively impact the loading capacity. 

3.2 Common type of damages in motor bearings 

This section will discuss the different damage types of a bearing that has been exposed to 

arcing between the inner and outer bearing rings. It is important to understand the different 

damage types as they can give different symptoms during operation, such as audible noise or 

vibrations. Once the bearing fails, a visual inspection will show clear signs of bearing currents 

which are discussed further below. 

 

Figure 3.1.  Disassembled deep groove ball bearing with visible damage across the race. 
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3.2.1 Fluting of inner and outer bearing races 

Fluting of the bearing races is a result of arcing, where the discharge from the inner to outer 

bearing will melt the bearing race material. This arcing behavior is used in electrical discharge 

machining (EDM), were a voltage potential is created between two electrodes to a point 

where the intensity of the electric field becomes greater than the dielectric strength of the 

insulation material. When the insulation breaks down current flow occurs in the arc, which 

leads to material being removed from one electrode. This EDM currents are damaging the 

bearings as these remove material and change the mechanical properties of the bearing. With 

each revolution the balls or rollers will move the removed material creating further 

deformation in bearing races. This fluting pattern is dependent on speed and electrical 

discharge frequency [3], [4] .  

 

Figure 3.2.  Outer race with visible fluting and damaged bearing balls 

As seen in Figure 3.2 the fluting pattern on the race will cause vibrations as the balls move 

across the race. 

3.2.2 Frosting of balls or rollers 

While the previous damage type damages the races, frosting affects the balls or rollers 

between the races. When frosting occurs it adds a layer on the balls or rollers which deforms 

the shape. Due to deformation of the shape of the ball or roller, each revolution will cause 

mechanical stress or mechanically remove material from races with each revolution [3], [4]. 

Figure 3.2 shows clear damage on the bearing balls and deformation of the otherwise round 

shape. 
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3.2.3 Pitting of races 

Small pits are created whenever an electrical discharge takes place. Here some of the material 

is essentially moved by breaking away from the race and then is often dissolved into the 

grease [3], [4].  

 

Figure 3.3.  Pitting at inner race, with vertical signs of fluting, 6.3x and 32x zoom 

As seen in Figure 3.3 and Figure 3.4, the pits create a darkened finish around the otherwise 

polished surface of the balls and races. With time the discharges will remove enough material 

from the races and cause mechanical failure of the bearing. 

 

Figure 3.4.  Damaged and undamaged bearing at 6.3x zoom on top and 32x zoom at bottom 
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3.3 Modeling of bearing currents 

It is obvious that the electrical properties of the bearing change and are not constant. 

Variables such as temperature, distance between ball and races, grease type, speed and drive 

output all play a part in how the bearing current will behave. Because of the scope of this 

bachelor thesis only the most influential variables will be studied. Other variables will be 

neglected as they will not affect the end model accuracy [1], [2], [6]. 

3.3.1 Bearing Voltage Ratio – BVR 

As definition on how much of the input common mode voltage influences the bearing 

voltage, the ratio between the two variables can be calculated. By measuring the common 

mode voltage from the motor terminals and voltage on the shaft the variables 𝑉𝑐𝑜𝑚 and 𝑉𝑏 

will be acquired as seen in (3.1). 

 
𝐵𝑉𝑅 =

𝑉𝑏
𝑉𝑐𝑜𝑚

=
𝐶𝑤𝑟

𝐶𝑤𝑟 + 𝐶𝑟𝑓 + 2𝐶𝑏
 

(3.1) 

As seen in Figure 3.5, 𝑉𝑐𝑜𝑚 or common mode voltage is responsible for the raise in shaft 

voltage due to the capacitive coupling between winding and rotor in the motor [1], [2], [3]. 

Cwr

Cb,D Crf Cb,N

Shaft Shaft

Stator winding

Vcom

Vb

Ground

Frame

 

Figure 3.5.  Circuit for the calculation of the Bearing Voltage Ratio of an induction machine 

The capacitive properties of the bearing on the drive side 𝐶𝑏,𝐷 and non-drive side 𝐶𝑏,𝑁 

change depending on the motor speed. The total bearing capacitance is simplified as 2𝐶𝑏 as 

seen in (3.1). The winding to rotor capacitance 𝐶𝑤𝑟 is causing leakage current into the rotor 

once its energized by the high 𝑑𝑉/𝑑𝑡 of the common mode voltage. 𝐶𝑟𝑓 is the rotor to stator 

frame capacitance which is caused by the airgap between rotor and stator. 
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3.3.2 Bearing electrical properties 
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Rbout
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Rbin

Cbin

Rball
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Vsh

 

Figure 3.6.  Simplified equivalent circuit for bearing currents at a high frequency input 

Seen in Figure 3.6 is the simplified electrical model of a bearing in this motor type. 𝑅𝑏𝑜𝑢𝑡 

and 𝐶𝑏𝑜𝑢𝑡 together with 𝑅𝑏𝑖𝑛 and 𝐶𝑏𝑖𝑛 vary depending on grease thickness, which is 

dependent on the machines speed. Due to centrifugal forces the placement of the ball 

between the bearing races is varying and can differ in gap distance from inner to outer races. 

This behavior is known and as seen in the formula for capacitance it is to be expected that 

on higher rpm the bearing will have a dominant capacitive behavior [1], [2], [6]. 

 
𝐶 =

𝐴

𝑑
𝜀𝑟𝜀0 

(3.2) 

 

Equation (3.2) describes that the capacitance 𝐶 is dependent on mainly two variables because 

the relative static permittivity 𝜀𝑟 and electric constant 𝜀0 are assumed constant. When the 

overlap area between the ball and races, here called 𝐴, is small in comparison to the gap 

distance 𝑑, the capacitance will decrease and vice versa. In above case 𝐴 will vary as the gap 

distance 𝑑 changes, depending on the ball movement. 

On higher speeds the gap between the ball and the outer race will be thin and will have an 

ohmic behavior due to capacitance being low. The capacitance between the ball and the inner 

race will however raise and have a capacitive behavior. Overall a higher capacitive behavior 

is expected on higher rpm, while on lower rpm the gap will be thin enough to allow electron 

flow through the grease, thus having ohmic behavior. This activity strongly depends on the 

variable 𝜀𝑟 that indicates the electrical conductivity of a material [1], [2], [3], [5]. 
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The bearing model seen in Figure 3.6, can be further simplified as shown in Figure 3.7 

highlighting the insulating and conductive state of the bearing depending on rpm and 

thickness of oil between ball and race [5].  

 

Figure 3.7.  Simplified equivalent circuit highlighting a bearing highlighting the insulating and conductive state. 

The resulting bearing capacitance 𝐶𝑏 is created by the high resistance of the lubricant 𝑅𝐿 
that surrounds the bearing ball. When gap distance between race and ball increases with 

rpm the bearing takes an insulating state because the created gap is filled with lubricant. On 

lower rpm the bearing is conducting, thus the switch is closed and current flows through 

the bearing ball. 𝑅𝑏 represents the total ohmic resistance in the bearing on lower rpm when 

direct current flow through the bearing is possible, thus 𝑅𝑏 ≪ 𝑅𝐿 . The bearing current 𝑖𝑏 

that flows through the bearing varies depending on 𝑉𝑠ℎ and the impedances mentioned 

above.  
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4 Motor modification and measurement system 

As the goal is to be able to measure bearing currents, shaft voltages and common mode 

voltages of the motor, modifications need to be made to the motor in order to attach probes 

and other measuring devices. 

The end shield of a motor has direct contact with the outer racing of the bearing, making it 

impossible to measure the bearing current. Several modifications are necessary to insulate 

and break the circulating currents, but also to lead the current through a controlled way so 

that it can be measured. 

4.1 Model and drawing of motor 

The test motor is a 3-phase 15 kW asynchronous squirrel cage type motor. The motor is 

connected in a ∆ connection. The bearing on the drive side, from here on called D-side, is 

of special interest together with the components surrounding the bearing. In this 

configuration, the bearing has direct contact with the inside of the end shield, thus creating 

a connection which enables bearing current to flow from the shaft to ground. A closer 

observation of the bearing in Figure 4.1 shows a possible way for current to flow to ground. 

The standard bearing model for this motor is 6309/C3 on the D-side and 6209/C3 on the 

ND-side. 

 

 

Figure 4.1.  Drive side section view of a standard induction motor 
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4.2 Insulation of bearings 

As this report is focusing on damaging EDM currents, circulating bearing currents need to 

be eliminated. It is necessary to force the discharging current through a controlled path in 

order to be able to measure it. The bearing on the D-side will be isolated from the end shield 

and an alternative way for the current flow is created by adding a copper ring to the surface 

of the bearing. Adding an insulating layer between the bearing outer race and end shield will 

insulate the bearing electrically.  

Res

Rbout

Cbout

Rbin

Cbin

Rball

 

 

 

Rshaft
Vsh

endshield

insulation

endplate
copper ring
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Figure 4.2.  Detailed view of modified D-side bearing assembly 

On the non-drive side (ND-side), an insulated hybrid bearing is placed assuring that the 

discharges occur on the D-side. As seen in Figure 4.2, a controlled discharging path is offered 

for the current to flow to ground. It is necessary that the total impedance of the copper ring 

and probe is lower than the impedance of the added insulation to allow current flow through 

it. 𝑍𝑝𝑟𝑜𝑏𝑒 should be kept as low as possible while the insulation between end shield and outer 

bearing race, 𝑅𝑒𝑠 should be kept as high as possible. 𝑅𝑒𝑠  represents the insulation between 

end shield and bearing. However as seen in Equation (3.2) this will also create a capacitance. 

The capacitance created by this insulation is so small that it can be neglected. The 

capacitances 𝐶𝑏𝑜𝑢𝑡  and 𝐶𝑏𝑖𝑛 together with the resistances 𝑅𝑏𝑜𝑢𝑡 and 𝑅𝑏𝑖𝑛 will vary as the gap 

distance between races and ball changes [1], [5]. 

The mounting feet of the motor together with the coupling need to be insulated, otherwise 

current will flow through these paths. Adding a sheet of insulating material with high 

dielectric strength between the mounting feet and fitting an insulated coupling will eliminate 

these current paths. 
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4.3 Electrical model of modified motor 

As insulation is added to the motor the electrical characteristics of the motor are changed. 

By adding an insulation between two conductive materials a capacitance is created which can 

affect the measurements. The alternative current path needs to have less total impedance 

than the capacitances created to be able to measure the discharge current. The electrical 

model seen in Figure 4.2 shows only the resistance 𝑅𝑒𝑠 and that the created capacitance is 

neglected. However, if the capacitance that is created is high, it needs to be accounted for as 

the electrical model of the motor will change as seen in Figure 4.3. 𝐶𝑒𝑠 represents the 

capacitance that is created by the added insulation. Equation (3.2) shows that if the surface 

area between the bearing and end shield is made larger and the insulation layer is very thin 

𝐶𝑒𝑠 will be higher. 

Cwr
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Shaft, D Shaft, N
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Figure 4.3. Simplified equivalent circuit of modified motor, without probes or measurement equipment 

As reference bearing 6309/C3 has been used because it is the standard bearing of the motor. 

The bearing end plate is insulated from the end shield and outer bearing race, copper ring 

has solid contact with outer bearing race to force arcing current through the copper ring and 

out of the top box. Measurements with a current transformer or coil are preferred as they do 

not add a resistance on the current path. 

4.4 Modification of end shield for bearing current 
measurement 

A 3D model of the motor is used as a tool to visualize changes made to the motor. As it is 

possible to change parts of the motor in the 3D model, any change can be studied and give 

helpful input on how to physically modify the motor. Figure 4.4 shows the section view of 

the modified end shield on the 3D model.  
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Figure 4.4.  3D model section view showing copper ring and insulation assembly used for bearing current measurements  

4.4.1 End shield 

The end shield is modified by machining and inner diameter is widened to 100.4 mm from 

the original 100.0 mm. The created space will be filled with an insulation layer. The inner 

side is carefully cleaned with PF-Solvent and rinsed with ethanol to remove any remaining 

grease or oil, see Figure 4.5. 

  

Figure 4.5.  Modified D-side end shield before cleaning process 

The end shield is being prepared for applying the 3M 1601 insulation spray by covering all 

areas that are not to be sprayed. The spray is applied in 15 layers to fill the 0.2 mm gap 

between end shield and bearing. The spray is applied in intervals of minimum 30 minutes to 

allow each layer to harden before a new layer is applied. The dielectric strength of the 3M 

1601 spray is rated to 850 V/mil which translates to ≈ 33.5 kV/mm. Finally, a 0.2 mm 

insulation thickness would offer 6.7 kV in dielectric strength, see Figure 4.6. 
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Figure 4.6.  D-side end shield sprayed with 3M 1601 insulation spray 

4.4.2 End plate with copper ring 

The Mylar foil sheet is glued onto the copper ring and positioned so that the copper ring has 

mechanical contact with the outer ring of the bearing once mounted. The copper ring is not 

allowed to create an electrical contact between the bearings outer ring and end shield, 

therefore it is insulated with an insulating sleeve as seen in Figure 4.7.  

 

Figure 4.7.  Insulated end shield assembled with copper ring and insulation sheet of Mylar 

After inspection of the endplate a hole is drilled into the end shield to attach a PT-100 

thermocouple to measure bearing temperature. This PT-100 thermocouple is later connected 

to the top box terminal during assembly and is important as it allows monitoring of the 

bearing temperature. 
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4.4.3 Greasing of bearings 

The test bearings used in this study are delivered ungreased. One ball type bearing and roller 

type bearing are unshielded and need to be greased before assembly. 

 

Figure 4.8.  Different bearing types suitable for D-side end shield: shielded deep groove ball bearing, unshielded deep 
groove ball bearing and unshielded cylindrical roller bearing 

The test bearing used for this experiment is a SKF 6309/C3 bearing and it is greased with 

SKF LGMT 2/0.4. This bearing will be used as reference bearing when comparing different 

bearing types in this motor. It is important to apply the grease so that all gaps within the 

bearing are covered to assure normal bearing conditions. The greased bearing is seen in 

Figure 4.9. 

 

Figure 4.9.  Standard SKF 6309/C3 bearing greased with SKF LGMT 2 grease 
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4.5 Assembly of components on shaft 

To fit the bearing and other components onto the shaft mechanically the assembly is made 

in several steps. Different techniques such as mechanical pressing and thermal expansion are 

used to fit bearing and insulating components onto the rotor shaft. Because the end shield 

has an added insulation layer it is of paramount importance to not damage this insulating 

layer. The assembly process is described in Figure 4.10. 

Fit endplate on 
shaft

Fit insulation disc 
with copper ring

Clean and heat 
bearing

Fit bearing with 
grease slinging ring

Cool down bearing 
with freeze spray

Fit heated end 
shield

Tighten end shield 
bolts

Assemble insulated 
coupling to motor

 

Figure 4.10.  Motor assembly process for modified motor 

4.5.1 Fitting of endplate and copper ring 

The inner diameter of the endplate and copper ring assembly is wider than the outer diameter 

of the shaft, hence assembly of these onto the shaft are simple. Inspection of the copper 

surface of the ring is necessary to assure that the electrical connection once it is pressed 

against the outer bearing race, is satisfactory. Any grease or other contamination is removed 

with PF solvent and ethanol. 

 

Figure 4.11.  Bearing end plate fitted onto end shield for inspection 

A piece of insulating shrinking tube is pulled over the copper ring tap to protect it from 

creating an electrical contact with the windings or frame. The tap of the copper ring is used 

as measurement point for the bearing current and can be seen in Figure 4.11. 
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4.5.2 Fitting of bearing onto the shaft 

The greased bearing needs to be clean on every surface where it makes contact with either 

insulation or the copper ring. Any excess grease is removed and contact surfaces are carefully 

cleaned with PF solvent and ethanol. The bearing is then mounted into an induction heater 

that heats the inner ring to 120 ̊ C. This to widen the inner diameter on the bearing to simplify 

mounting on the shaft as seen in Figure 4.12. 

 

Figure 4.12.  Bearing fitted into SKF induction heater 

Once the bearing is heated it is quickly mounted on the shaft. The heating procedure is 

repeated for the grease slinging ring and is assembled directly after the bearing. The 

temperature of the bearing inner ring will fall, making the inner diameter of the ring smaller 

which will create a tight fit between ring and shaft. 

4.5.3 Fitting of the end shield 

Heating the end shield to 60 ˚C is achieved by letting it rest on a heating plate for 

approximately one hour. The already attached bearing is cooled below 0 ˚C by spraying it 

with freeze spray. Thermal expansion of the end shields inner bearing slot and thermal 

compression of the bearings outer ring is achieved. This step will assure minimal mechanical 

stress on the insulation layer when pressing the bearing into the end shield. 
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Figure 4.13.  Modified end shield with PT-100 thermocouple drilled into bearing frame. End shield is heated on 
heating plate in preparation for assembly 

The end shield in Figure 4.13 is now mounted onto threaded rods which connect to the end 

plate and functions as a guide to press the bearing assembly into the end shield. Each rod is 

removed one at a time and replaced by bolts. While tightening the bolts, the copper ring 

inside the assembly will press against the outer bearing ring and press the bearing into the 

slot of the end shield. To assure that the assembly has been successful and no insulation is 

damaged, a multimeter in conductivity mode is used. The positive side of the multimeter is 

attached on the shaft, and the negative side on end shield, then end plate. If any current flows 

through this path, the insulation is damaged and any measurements of the bearing current 

will be unsuccessful. Measuring the DC resistance between the shaft and the copper ring is 

necessary to see if conductivity is satisfactory. Attaching the positive side of the probe to the 

shaft and the negative side to the end of the copper ring tap will show the DC resistance 

from shaft through the bearing. 

4.5.4 Assembly of insulated coupling and alignment 

Full control of current flow through the test motor is needed to insulate bearing currents 

and thus complete insulation between motor shaft to frame and ground is necessary. To 

remove any electrical connections from the test motor shaft to the standard motor, an 

insulated coupling is used. Once the motor is fully assembled, the coupling is attached on 

the drive side of the shaft. Before alignment and position calibration can be started, insulation 

sheets have been placed under the motor to insulate the motor frame from the steel bed. 

The fully assembled motor with insulted coupling is seen in Figure 4.14.  
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Figure 4.14.  Alignment calibration tool measuring uneven alignment between load and test motor 

Following the calibration process plates of varying thickness are added between the feet of 

the motor and steel bed. Any misalignment will create vibrations and unnecessary mechanical 

stress on the bearings. The multimeter is used to check for conductivity from test motor to 

the standard motor. Measurements are made between the shafts to verify complete 

insulation. The test motors frame to ground is tested by attaching the positive side of the 

multimeter to the grounding point of the frame and the negative side to the steel bed. 

4.6 Motor lab setup 

The two motors are controlled individually by PWM drives. The standard motor is used to 

act as load for the modified machine. The second machine is used to test bearings and is 

electrically insulated from ground, with the possibility to attach different earth connection 

arrangements if needed. 

4.6.1 Variable speed drives 

The drive used for the test motor is ACS850, and offers the ability to control several 

parameters. For the modified motor the operation mode “Speed Control” will be used to 

regulate the rpm of the machine. By connecting a computer to the drive, the drive software 

offers information such as winding current, motor torque, switching frequency and different 

parameter settings. The drive allows the user to set a speed reference point, and will adjust 

the PWM wave accordingly to put the machine to the desired rpm. 
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For the standard motor drive ACS880-01 is used. As the standard motor will operate as load 

for the modified machine, operation mode “Torque Control” is used for this machine. The 

user can set a reference torque percentage, and the drive will adjust the flux to achieve the 

wanted torque. Both drives are PWM drives, and are fed by a common DC link. 

4.6.2 Current probes 

The focus is to capture the discharge bearing current that is forced through the copper ring. 

It is possible to do this by either using a current shunt, current transformer or Rogowski coil. 

Unfortunately because of the limited timeframe of this thesis and long delivery time, no 

measurements were performed using a Rogowski coil. 

As a current shunt would add an impedance on the copper ring, a current transformer is 

preferred. A Pearson coil model 411 is used to fulfill this task as it offers bandwidth up to 

20 MHz and has a sensitivity of 100 mV/A.  

The frame to ground current is measured with a Hioki 3276 current clamp, that has a 

bandwidth up to 100 MHz and a sensitivity of 100 mV/A. 

4.6.3 Line Voltages 

Line voltages are measured with three Yokogawa 701926 differential probes that measures 

the potential difference between the top box terminals of the motor in respect to ground. 

These differential probes are connected to the oscilloscope using a BNC cables and will be 

used to calculate the common mode voltage. 

4.6.4 Shaft Voltages 

The shaft voltages will be measured by placing a conductive carbon brush against the shaft. 

This brush is connected to a BNC cable that connects to the oscilloscope. This setup will 

make it possible to measure shaft voltages on rotor rotation as seen in Figure 4.15. 

 

Figure 4.15.  Carbon brush pressed against the shaft 
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4.6.5 Temperature 

Temperature is measured by an Agilent Data logger used together with two wire PT-100 

thermocouples. A PT-100 thermocouple is attached in a drilled hole on the outside of the 

bearing slot on each side of the end shields as seen in Figure 4.13. Two additional 

thermocouples are connected to the windings to monitor winding temperature. These 

measurements are necessary to study discharge behavior at different temperature intervals. 

4.6.6 Instruments  

The oscilloscope used is Yokogawa DL750 and has 8 channels that supports a sample rate 

of up to 10 MS/s. The carbon brush, voltage differential probes and both current probes are 

connected to the same oscilloscope making it simple to compare the measured values. 
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5 Experimental validation of bearing current 
measurement 

The modified motor is connected to the ACS850 drive and the standard motor to the 

ACS880 drive. The modified motor will be run in speed control mode. 

For each measurement cycle the motor is run at different rpm to study the bearings different 

conducting states. 

5.1 Reliability of measurements 

Simple instrument response measurements were made to calibrate oscilloscope settings and 

test the sensitivity of the probes. This measurements verify that the modifications work and 

can give insight into how the capacitive couplings in the motor behave. 

5.1.1 Insulation testing 

During the end shield assembly, insulation has been tested using a multimeter to verify that 

there is no conductivity between the bearing end plate and end shield to shaft and bearing, 

see chapter 4.5.3. Once the motor is fully assembled, further measurements are required to 

not only verify that there is no conductivity between the insulated parts, but also to test 

frequency response due to the additional added capacitance.  

5.1.2 Measuring of impedance between shaft and ground connection 

As both bearings are insulated it is possible to measure the impedance from shaft to ground 

through the copper ring. To do this, a LCR meter is connected with the positive side on the 

shaft, and the negative side to the ground connection on the top box. The current pulses of 

the LCR meter will follow the same path to ground as the discharge current. Measuring the 

impedance on this path will show what the expected signal behavior will be at different 

frequencies. 

As seen in Table 5.1, 𝑅 is higher than 𝑋 at frequencies below 5 kHz while at frequencies 

above 5 kHz 𝑋 is higher than 𝑅. This behavior shows that capacitive couplings exist in the 

motor and respond to higher frequencies. 

Table 5.1.  Impedance from shaft to ground connection on the motor top box at different frequencies 
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5.1.3 Instrument response and additional insulation testing using 
voltage injection 

To assure that current and voltage probes are able to measure the raise in shaft voltage and 

discharge current trough the bearing, a pulse generator is connected to the motor setup in 

different configurations. The results will show how the modifications on the motor have 

changed the electrical properties along the current paths. As it is possible to fully control the 

input signals, the measured signals will show if adjustments to the measurement setup need 

to be made. The ground connection from the motor to steel bed and inverter are of special 

interest, hence several different ground connections will be tested. 

5.1.4 Voltage Injection to shaft with insulated frame and copper ring 
connected to inverter ground 

The pulse generator is connected to the N-side shaft through a carbon brush seen in Figure 

5.1. Insulation of the frame is necessary to control the grounding currents in the setup. A 

carbon brush is connected to the D-side of the motor to measure shaft voltage and it is 

connected to the oscilloscope. Another connection is attached to the copper ring tap in the 

top box to measure the voltage across the bearing. A current transformer is measuring the 

current through the copper ring in the top box going to the inverters ground connection. 

The pulse generator is injecting a square wave pulse at 500 Hz to the shaft. The standard 

motor is set to rotate the test motor in different rpm to observe shaft voltage behavior, this 

way the bearings conductive and insulating states can be observed using a controlled shaft 

voltage. 
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Figure 5.1.  Simplified equivalent circuit for measurement of the injected voltage to the shaft with insulated frame and 
voltage probes connected. Note that the copper ring is connected to inverter ground 

The rpm of the standard motor is set through the ACS880 drive to 0, 100, 150, 200 and 500 

rpm. During measurements, the measured temperature is raising from 23 ˚C at 0 rpm to 26 

˚C at 500 rpm. The amplitude of the pulse generator is set to the maximum value of 20 V 

peak to peak. The measurements are logged at different rpm of the motor to be compared 

later. 
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Figure 5.2.  CH5 Current through the copper ring to inverter ground, CH6 shaft voltage and CH7 copper ring 
voltage at 0 rpm 

The shaft is injected with a square wave voltage of 500 Hz with the amplitude of ≈ 20 V 

peak to peak. At 0 rpm, no raise in shaft voltage indicates that the bearing is in a conductive 

state and current flows through the bearing to copper ring and then inverter ground 

connection point in the top box of the motor. As seen in Figure 5.2, no significant shaft 

voltage is measured while the current mirrors the waveform of the input signal to the shaft. 

 

Figure 5.3.  CH5 Current through the copper ring to inverter ground, CH6 shaft voltage and CH7 copper ring voltage 
at 100 rpm 

At 100 rpm, see Figure 5.3, the shaft voltage is raising slightly while current is still flowing 

through the bearing. This indicates that a small resistance exists in the current path from 

bearing to inverter ground. 
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Figure 5.4.  CH5 Current through the copper ring to inverter ground, CH6 shaft voltage and CH7 copper ring voltage 
at 150 rpm 

A minor deformation in the previous mirroring square wave current is visible due to higher 

shaft voltage and change in the bearing properties. Due to raise in rpm from 100 rpm to 150 

rpm, the bearing changes from a ohmic conductive state into a capacitive insulating state 

which allows shaft voltage to raise. Once the bearing falls back to a conducting state, shaft 

voltage is dropping to a lower amplitude as seen in Figure 5.4. 

 

Figure 5.5.  CH5 Current through the copper ring to inverter ground, CH6 shaft voltage and CH7 copper ring voltage 
at 200 rpm 

At 200 rpm a major deformation of the square wave current is visible. Shaft voltage is raising 

to higher amplitudes and begins to mirror the input signal as the bearing changes from an 

insulating to conducting state as seen in Figure 5.5. 
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Figure 5.6.  CH5 Current through the copper ring to inverter ground, CH6 shaft voltage and CH7 copper ring voltage 
at 500 rpm 

The rpm is increased to 500 rpm and measurements seen in Figure 5.6 show how the bearing 

is in an insulated state. One discharge is visible, where the current raises in negative amplitude 

due to shaft voltage being at maximum negative amplitude. On discharge, voltage amplitude 

is dropping slightly while current amplitude is raising quickly. 

 

Figure 5.7.  CH5 Current through the copper ring to inverter ground, CH6 shaft voltage and CH7 copper ring voltage 
at 1000 rpm 

At 1000 rpm no major discharge activity is observed. A slight deformation of the shaft 

voltage is visible due to mechanical contact loss of the brush to shaft as seen in Figure 5.7. 
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5.1.5 Voltage injection to shaft with insulated frame and copper ring 
open ground connection 

Cb,D

Shaft, D Shaft, N

Frame

Cb,NRb,D

500 HzBrush

CH5

Common 
Ground

Inverter 
Ground

Bearing

Copper Ring

CH7

CH6

Brush

Res

 

Figure 5.8.  Simplified equivalent circuit for measurement of the injected voltage to the shaft with insulated frame and 
voltage probes connected. Note that the copper ring is not connected to any ground connection 

In the following measurements the ground connection from the copper ring to inverter 

ground is removed. Shaft voltage is manipulated by the pulse generator that is attached to 

the shaft. The speed of the motor is raised in several steps to observe the response of the 

capacitances on the motor. Figure 5.8 shows that shaft voltage is measured on CH6, copper 

ring voltage on CH7 and bearing current on CH5. 

 

 

Figure 5.9.  CH5 Current at copper ring with open ground connection, CH6 shaft voltage and CH7 copper ring 
voltage at 0 rpm 

As there is no ground connection that is allowing the current to flow from shaft to ground, 

shaft voltage and copper ring voltages are mirroring the input signal. The copper ring voltage 

is charging and discharging as the shaft voltage changes amplitude as seen in Figure 5.9, 

indicating that the bearing is in a conductive state. 
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Figure 5.10.  CH5 Current at copper ring with open ground connection, CH6 shaft voltage and CH7 copper ring 
voltage at 100 rpm 

The rpm is increased to 100 rpm and no change in waveform is visible indicating that the 

bearing remains in a conductive state with ohmic behavior, see Figure 5.10. 

 

 

Figure 5.11.  CH5 Current at copper ring with open ground connection, CH6 shaft voltage and CH7 copper ring 
voltage at 150 rpm 

An increase from 100 rpm to 150 rpm shows a change in the copper ring voltage waveform 

in Figure 5.11 compared to Figure 5.10 and Figure 5.9. This change indicates that the bearing 

is transitioning back and forth from a conductive to insulating state and the increased 

capacitance changes the waveform slightly. 
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Figure 5.12.  CH5 Current at copper ring with open ground connection, CH6 shaft voltage and CH7 copper ring 
voltage at 200 rpm 

As the rpm increases to 200 rpm the copper ring voltage changes from a square wave to a 

ramped square wave indicating low frequency loss response. The waveform seen in Figure 

5.12 shows a change in the bearings capacitance to resistance ratio, hence both amplitude 

and waveform differ from the shaft signal. 

 

Figure 5.13.  CH5 Current at copper ring with open ground connection, CH6 shaft voltage and CH7 copper ring 
voltage at 500 rpm 

At 500 rpm, the low frequency loss due to the bearings change in capacitance is clearly visible 

in Figure 5.13 when compared to the shaft voltage on CH6. 
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Figure 5.14. CH5 Current at copper ring with open ground connection, CH6 shaft voltage and CH7 copper ring 
voltage at 1000 rpm 

The increase to 1000 rpm from 500 rpm shows no significant change in bearing voltage that 

is measured at the copper ring, indicating as seen in Figure 5.14, that the bearings capacitance 

has stabilized due to the bearing being in an insulation state. 

5.1.6 Voltage injection to shaft with frame and copper ring connected to 
common ground 
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Figure 5.15.  Simplified equivalent circuit for measurement of the injected voltage to the shaft with grounded frame and 
voltage probes connected. Note that the copper ring is now connected to the common ground connection 

The pulse generator is connected to the N-side shaft through a carbon brush. The frame is 

connected to a common ground point together with the copper ring. A carbon brush is 

connected on the D-side of the motor to measure shaft voltage and it is connected to the 

oscilloscope using a BNC cable. Another connection is attached to the copper ring tap in the 
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top box to measure the voltage across the bearing. A current transformer is measuring the 

current through the copper ring in the top box going to the inverter ground connection. The 

pulse generator is injecting a square wave pulse at 500 Hz to the shaft. The standard motor 

is set rotate the test motor in different rpm to observe shaft voltage behavior, this way the 

bearings conductive and insulating states can be observed using a controlled shaft voltage.  

 

Figure 5.16. CH5 Current through the copper ring to common ground, CH6 shaft voltage, CH7 copper ring voltage 
and CH4 stator frame to ground current at 0 rpm 

The voltage pulse is injected into the shaft at 0 rpm. As the pulse changes amplitude, the 

current through the copper ring follows the waveform of the injected voltage. Since the 

bearing is in standstill the shaft voltage is not allowed to charge, instead at a voltage of ≈ 20 

mV discharge activity is visible. When the voltage raises, current is raising through the copper 

ring, thus it is safe to assume that the bearing is in a conductive state and has an ohmic 

behavior as seen in Figure 5.16. 
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Figure 5.17.  CH5 Current through the copper ring to common ground, CH6 shaft voltage, CH7 copper ring voltage 
and CH4 stator frame to ground current at 100 rpm 

Now that the shaft is rotating at 100 rpm the ohmic discharge activity can be seen in Figure 

5.17. As the voltage on CH6 raises, so does the current on CH5. Discharges are visible on 

CH5 as either positive or negative pulses. The voltage on CH6 will show the opposite 

amplitude of the current on discharge activities. As shaft voltage raises in either positive or 

negative amplitude, once reached a threshold voltage a current discharge is observed. Only 

minor imperfections of the current square form are observed. 

 

Figure 5.18.  CH5 Current through the copper ring to common ground, CH6 shaft voltage, CH7 copper ring voltage 
and CH4 stator frame to ground current at 150 rpm 

The square form current through the copper ring is barely visible, however, the shaft voltage 

is starting to follow the square waveform instead, see Figure 5.18. As the rpm raises the 
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bearing switches from a conducting state to an insulating state. While the bearing is in an 

insulating state the shaft voltage is allowed to raise, hence a higher shaft voltage results in a 

higher current once the bearing changes back into a conducting state and a discharge occurs 

through the bearing. 

 

Figure 5.19.  CH5 Current through the copper ring to common ground, CH6 shaft voltage, CH7 copper ring voltage 
and CH4 stator frame to ground current at 200 rpm 

As the rpm is increased to 200 rpm from 150 rpm the bearing is mainly in an insulated state. 

On certain shaft revolutions the bearing is transitioning from an insulating to conducting 

state allowing the shaft voltage to drop and allowing current flow through the bearing to 

copper ring, see Figure 5.19. 

 

Figure 5.20.  CH5 Current through the copper ring to common ground, CH6 shaft voltage, CH7 copper ring voltage 
and CH4 stator frame to ground current at 500 rpm 
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The rpm is further increased and measurements are taken at 500 rpm. It is very clear that the 

bearing is now in an insulated state and the shaft voltage is mirroring the injected voltage of 

the square wave generator. As the bearing is in an insulating state no current flow occurs 

through the bearing as seen in Figure 5.20. 

5.1.7 Voltage injection to frame with grounded shaft and copper ring 
disconnected from ground 

The voltage wave generator is connected to the frame and the shaft is grounded through a 

carbon brush on the N-side of the motor. Measurements were taken at the shaft to once 

more verify that the added insulation at the end shield is not damaged, but also to observe 

the frequency response through the bearing and additional end shield insulation, see Figure 

5.21. 
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Figure 5.21.  Simplified equivalent circuit for measurement of the injected voltage to the frame with grounded shaft and 
voltage probe connected. Note that the copper ring is not connected to any ground connection 

 

Figure 5.22.  CH5 Current through the copper ring disconnected from ground, CH6 shaft voltage and CH7 copper 
ring voltage at 0 rpm 
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As the bearing is in a standstill position, no voltage activity is observed on either shaft or 

copper ring as seen in Figure 5.22. The same is valid at 100 rpm as seen in Figure 5.23. 

 

Figure 5.23.  CH5 Current through the copper ring disconnected from ground, CH6 shaft voltage and CH7 copper 
ring voltage at 100 rpm 

 

Figure 5.24.  CH5 Current through the copper ring disconnected from ground, CH6 shaft voltage and CH7 copper 
ring voltage at 150 rpm 

The rpm is increased to 150 rpm and the copper ring voltage is showing a square wave like 

waveform, seen in Figure 5.24. This behavior indicates that the bearings electrical properties 

changed from an ohmic behavior to a capacitive behavior, but also a frequent transition from 

a conductive to an insulating bearing state. 
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Figure 5.25.  CH5 Current through the copper ring disconnected from ground, CH6 shaft voltage and CH7 copper 
ring voltage at 200 rpm 

At 200 rpm the transition from conductive to insulating bearing state is not as frequent as at 

150 rpm. Observing the waveform on CH7 in Figure 5.25 shows a raise in copper ring 

voltage once the bearing switches from an insulating to conductive state. The capacitance 

has also stabilized as no major fluctuation of waveform is observed. 

 

Figure 5.26.  CH5 Current through the copper ring disconnected from ground, CH6 shaft voltage and CH7 copper 
ring voltage at 500 rpm 

The copper ring voltage has now stabilized as rpm has increased to 500 rpm. Figure 5.26 

shows that the bearing has changed to an insulating state. The sudden change in the 

waveform observed at CH6 is due to a disconnection of the carbon brush that grounds the 

shaft. This disconnection allows the shaft voltage to raise temporarily. 
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5.2 Measurement of common mode voltage injection during 
no load operation of the modified motor 

 

 

Figure 5.27.  Graph showing reference rpm of the modified machine driven by the ACS850 drive 

The measurement setup is arranged to be able to measure shaft voltage 𝑉𝑠ℎ, bearing current 

𝑖𝑏 at the copper ring, frame to ground current 𝑖𝑔 and the common mode voltage 𝑉𝑐𝑚. The 

common mode voltage is calculated by measuring the line voltages in phase 1-3 at the 

terminals of the top box. This is required as the motor is connected in a 𝛥 connection and 

has no common neutral point. By connecting differential voltage probes to each phase on 

the positive side and attaching the negative side to the common ground point the common 

mode voltage is calculated by the oscilloscope, see Equation (3.1). 

The equivalent circuit seen in Figure 5.28, shows that the common mode voltage will be the 

input signal. The ACS850 drive is set to 100% flux reference, energy option disabled, and 

will be configured to set the test motor to different rpm as seen in Figure 5.27. On each rpm 

step measurements are performed and logged. 
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Figure 5.28.  Equivalent circuit for the measuring setup of the modified motor under PWM drive operation 

The current clamp that measures the stator frame current 𝑖𝑔  is connected to CH4 on the 

oscilloscope. The current transformer that measures the bearing current through the copper 

ring 𝑖𝑏 is connected to CH5. The line voltages are measured at CH1, CH2 and CH3. Shaft 

voltage 𝑉𝑠ℎ is connected to CH6. The following measurements are taken at no load operation 

allowing lower line current into the motor, hence temperature is not raising above 26 ˚C at 

maximum rpm. Once the maximum rpm is reached the bearing is heated to 50 ˚C using a 

heat gun. 

  

Figure 5.29.  Vcm shows the calculated common mode voltage, Vsh the shaft voltage, ib the bearing current and ig the 
frame current of the motor at 100 rpm 
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Figure 5.30.  Vcm shows the calculated common mode voltage, Vsh the shaft voltage, ib the bearing current and ig the 
frame current of the motor at 150 rpm 

Figure 5.29-5.31 shows the ohmic discharge of the shaft voltage. As the bearing is in a 

conductive stage only the discharge current and capacitive coupling currents from the 

common mode voltage are visible. Shaft voltage is not allowed to raise and follows the 

waveform of the common mode voltage. 

 

Figure 5.31.  Vcm shows the calculated common mode voltage, Vsh the shaft voltage, ib the bearing current and ig the 
frame current of the motor at 200 rpm 
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Figure 5.32.  Vcm shows the calculated common mode voltage, Vsh the shaft voltage, ib the bearing current and ig the 
frame current of the motor at 1000 rpm showing arcing discharge activity 

Figure 5.32 shows an EDM discharge, seen as a spike in current𝑖𝑏. The shaft voltage 𝑉𝑠ℎ is 

raising slowly up to the discharge. The spike in 𝑖𝑏 is not seen in the stator frame current 𝑖𝑔, 

meaning that this discharge current is flowing through the bearing while it was in an insulated 

state. 

 

Figure 5.33.  Vcm shows the calculated common mode voltage, Vsh the shaft voltage, ib the bearing current and ig the 
frame current of the motor at 1500 rpm showing arcing discharge activity 
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The same DA can be seen in Figure 5.33 -Figure 5.35, where the change of voltage 𝑉𝑠ℎ is 

visible together with a bearing current 𝑖𝑏 spike. This spike is not visible in frame current 𝑖𝑔. 

 

Figure 5.34.  Vcm shows the calculated common mode voltage, Vsh the shaft voltage, ib the bearing current and ig the 
frame current of the motor at 1500 rpm showing normal discharge activity 

 

Figure 5.35.  Vcm shows the calculated common mode voltage, Vsh the shaft voltage, ib the bearing current and ig the 
frame current of the motor at 1500 rpm showing several arcing discharges due to raised shaft voltage 
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Figure 5.36.  Vcm shows the calculated common mode voltage, Vsh the shaft voltage, ib the bearing current and ig the 
frame current of the motor at 1800 rpm and 50 ˚C, showing several arcing discharges due to raised shaft voltage 

Figure 5.36 shows the DA on a bearing heated with heat gun to 50˚C at 1800 rpm showing 

quick discharges of the shaft voltage as bearing is in a conductive state and only transitioning 

to an insulated state for short moments.  
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5.3 Measurement of common mode voltage injection during 
50% load operation of the modified motor 

 

Figure 5.37.  Graph showing reference rpm of the modified machine driven by the ACS850 drive and torque applied 
to the standard motor by the ACS880 drive 

The measurements in chapter 5.2 were performed without a load to the test motor. To test 

the bearing behavior with a load applied a new measurement cycle was created as seen in 

Figure 5.37. As seen in Figure 5.36, no EDM discharges were recorded when the bearing 

was heated to 50 ºC, even on high rpm. This behavior requires further investigation, thus 

testing the motor under load is of interest. The grease in the bearing changes its properties 

depending on temperature [10]. The modified motor was applied with a 50% load to allow 

higher current flow through the windings. The higher current lead to bearing temperature 

raising above 40 ºC, allowing measurements with changes grease properties. 
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Figure 5.38.  Vcm shows the calculated common mode voltage, Vsh the shaft voltage, ib the bearing current and ig the 
frame current of the motor at 100 rpm and 42 ˚C 

 

Figure 5.39.  Vcm shows the calculated common mode voltage, Vsh the shaft voltage, ib the bearing current and ig the 
frame current of the motor at 200 rpm and 42 ˚C 

No DA is observable on rpm interval 100-200 rpm with bearing temperatures above 40 ºC 

as seen in Figure 5.38 - Figure 5.39. 
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Figure 5.40.  Vcm shows the calculated common mode voltage, Vsh the shaft voltage, ib the bearing current and ig the 
frame current of the motor at 300 rpm and 42 ˚C 

 

Figure 5.41.  Vcm shows the calculated common mode voltage, Vsh the shaft voltage, ib the bearing current and ig the 
frame current of the motor at 500 rpm and 42 ˚C 

The rpm interval of 300-500 rpm shows ohmic DA as shaft voltage 𝑉𝑠ℎ raises for a short 

moment caused by the common mode voltage 𝑉𝑐𝑚. Only minor transitioning between 

insulating and conductive state of the bearing is visible as seen in Figure 5.40 - Figure 5.41. 
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Figure 5.42.  Vcm shows the calculated common mode voltage, Vsh the shaft voltage, ib the bearing current and ig the 
frame current of the motor at 1000 rpm and 43 ˚C 

 

Figure 5.43.  Vcm shows the calculated common mode voltage, Vsh the shaft voltage, ib the bearing current and ig the 
frame current of the motor at 1500 rpm and 44 ˚C 

At speed intervals of 1000-1500 rpm no EDM activity is observed due to the bearing 

remaining in a conductive state. The shaft voltage is raising for short moments due to the 

high 𝑑𝑉/𝑑𝑡 of the common mode voltage 𝑉𝑐𝑚, seen in Figure 5.42 - Figure 5.43. 
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6 Data Analysis and conclusion 

By analyzing the measured data and comparing the different waveforms of the shaft voltages, 

bearing currents and input signals conclusions can be made. Taking the different speeds, 

temperatures and data from measurements into account several connections have been 

found.  

6.1  Speed dependency of the EDM current 

The bearings electrical properties clearly change depending on rpm, where the bearing 

properties are mainly of ohmic behavior at low rpm, and capacitive at higher rpm. A clear 

change in bearing behavior is observed at 100 rpm up to 200. Within this interval the bearing 

will change from a conductive to insulating state allowing a raise in shaft voltage. Due to the 

mass of the bearing balls and the centrifugal forces on revolutions above 100 rpm the gap 

between the inner bearing race and ball increases, while the gap between the outer race and 

ball decreases. A thin layer of grease will fill this created gap, leading to either a conductive 

ohmic behavior or capacitive insulating behavior between rotor shaft to ground. During shaft 

rotation, the capacitance and resistance will either increase and create a conductive current 

path from shaft to ground, or decrease and insulate the shaft from ground potential. Any 

measured discharge at this rpm is due to the bearing transitioning back to a conductive state 

from an insulating state. 

At 200-500 rpm the bearing stabilizes in an insulating state and discharges are observed due 

to bearing transitioning back to a conductive state, although this behavior is not as frequent 

as at rpm interval 100-200 rpm. At 500-1500 the bearing will be in an insulated state and 

shaft voltage is not allowed to fall due to this. The common mode voltage causes the shaft 

voltage to raise until a threshold where EDM discharges occur through the insulating grease 

layer. A clear distinction between EDM discharges and ohmic discharges are seen as an EDM 

discharge only occurs on a raised shaft voltage. EDM discharge currents only occur when 

the bearing is in an insulating state and shaft voltage is allowed to raise, which is clearly seen 

in Figure 5.332 - Figure 5.325. Comparing the waveforms of the common mode voltage to 

the shaft voltage when the bearing is in an insulated state show a pattern of the raising shaft 

voltage up to when the shaft voltage drops drastically and bearing current raises. 

The rpm is the main variable at a constant switching frequency that changes the bearings 

electrical properties. A change in rpm corresponds to a change in the gap distance between 

bearing ball to inner and outer bearing race. Due to this, the amount of grease that is allowed 

to fill this created gap will further alternate the electrical properties of the bearing. 

6.2 Load dependency of the current 

As a load is applied to the motor the temperature in the motor will raise due to a higher 

winding current. To compensate for the added load on the motor, the PWM drive will 

alternate the pulse waveform that drives the motor to allow a higher current that is needed 
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for flux generation from stator to rotor. These two variables will change the discharge 

behavior of the motor, as a higher current is flowing through the windings, a higher bearing 

current is observed on discharge. At temperatures from 42-44 ˚C the bearing stays in a 

conductive state up to 500 rpm where minor transitioning to insulating state is observed as 

seen in Figure 5.34, Figure 5.35 and Figure 5.36. At rpm 500-1500 the bearing stays in a 

resistive conductive state where transitioning to insulating state is uncommon. No major 

arcing discharge activity is observed at 50% load on the rpm interval 100-1500 rpm. As the 

temperature is above 40 ˚C the grease oil viscosity changes to 110 mm2/s [10], which could 

have a major role in the conductivity behavior of the bearing.  

Clearly, under load the bearing behaves differently than without. The measurements hint that 

the temperature plays a major part on the discharge activities. On high temperatures, the 

bearing stays in a conductive state regardless of rpm.  

6.3 Overserved currents in insulated rotor machine 

Because of the insulation of the rotor from the stator frame, circulating currents have not 

been measured. Capacitive bearing currents have been observed above 500 rpm only when 

the bearing has made a transition into an insulating state, as seen in Figure 5.312 - Figure 

5.325. These currents follow the square wave pattern of the shaft voltage whenever 𝑑𝑉/𝑑𝑡 

of the shaft voltage changes.  

EDM currents are observed at speeds of 1000 rpm and above, where a raise in shaft voltage 

is caused the by 𝑑𝑉/𝑑𝑡 of the common mode voltage. The bearing is in an insulated state 

until the voltage raises above the breakdown voltage of the insulating oil layer between the 

ball and race. This discharge is observable when shaft voltage drops and bearing current 

raises. However, this behavior has only been observed at low temperatures 23-26˚C. 

Grounding current activity is observed on rpm below 500 where the bearing ball creates a 

conductive path between the races allowing the shaft voltage to discharge to ground. This 

behavior is more frequent on lower rpm than higher as seen in Figure 5.29, Figure 5.30, 

Figure 5.31, Figure 5.37, Figure 5.38 and Figure 5.39. 

Stator currents are capacitive induced currents between winding and stator frame and rotor 

to frame. These currents follow the same pattern as the bearing capacitive current. Once an 

EDM current in the bearing occurs, these will not appear in the probe measuring the stator 

currents. This is useful to make a distinction between the different current types.  
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