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INTEGRATED REMOTE INSULATION CONDITION MONITORING 

OF GENERATORS AND MOTORS USING TRADITIONAL 
AND WIRELESS SENSOR TECHNOLOGIES 

 
ZINTEGROWANY SYSTEM DO MONITORINGU IZOLACJI GENERATORÓW 

I SILNIKÓW PRZY UŻYCIU TECHNOLOGI TRADYCYJNYCH ORAZ 
BEZPRZEWODOWYCH 

 
Abstract: The reliability of rotating electrical machines is of prime importance for the owner. Unplanned 

outages may lead to significant production losses. (Remote) monitoring of critical insulation components 

(rotor and stator) allows the recognition of a developing problem at a very early stage, so that counter 

measures can be initiated before major damage occurs.  

A (multi-parameter) monitoring system has been designed, which targets specifically the insulation of large 

electrical machines. Its remote access (LAN, Internet) allows user and experts to access data, receive warnings 

and eventually determine corrective actions any time.  

In order to monitor the long-term efficiency and quality of maintenance and to try and establish the start of 

problems, the following basic techniques are typically applied on-line, and are part of the monitoring system. 
 

Streszczenie: Niezawodność maszyn elektrycznych ma zasadnicze znaczenie dla właściciela. Nieplanowane 

przestoje mogą doprowadzić do znacznych strat produkcyjnych. (Zdalne) monitorowanie krytycznych 

elementów izolacyjnych (wirnika i stojana) umożliwia wykrycie problemu rozwijającego się na bardzo 

wczesnym stadium, tak aby środki zaradcze mogłyby być podjęte przed występieniem znacznego uszkodzenia 

maszyny. System monitoringu został zaprojektowany do analizy izolacji dużych maszyn elektrycznych. 

Możliwość zdalnego przesyłu danych (LAN, Internet) pozwala użytkownikom i ekspertom na nieprzerwany 

dostęp do danych co pozwala na szybką identyfikację problemu oraz wczesne zaplanowanie działań 

naprawszych. Długoterminowa ocena stanu izolacji, umożliwiająca wykrycie problemów na bardzo wczesnym 

etapie, jest dokonywana przy użyciu technik on-line, co stanowi integralną część systemu monitoringu maszyn 

elektrycznych.  
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1. Introduction 
In this paper we shall present the concept, 

basic functions and application of the 

monitoring system, while focusing on end 

winding resonance and vibration. 

 

• Traditional techniques utilized, presenting 

visual inspection data showing evidence of 

corrosion & fretting caused by vibration.  

• Vibration analysis of endwinding 

structures using conventional “bump tests”  

• Modeling of bump test data & frequency 

analysis.  

 

Successful repair & resonance elimination 

projects, reducing resonance effects and 

eliminating Stator endwinding is a very 

complex non-linear structure. It is an 

unfortunate set of circumstances that usually 

physical properties of the generator stator 

endwinding combined with generator electro-

magnetic forces, cause end windings to 

vibrate at double fundamental frequency. 

Those forces generate a 2-lobe forcing 

function at 100 Hz (for 50Hz machine) or 

120Hz (for 60Hz machine). This is therefore 

important that the 2-lobe mode should occur 

at another frequency; preferably well away 

from double fundamental frequency.  

It is important to note that even if the stator 

endwinding is rigid initially, due to frequent 

load changes and associated temperature 

fluctuations or machine malfunctions, the 

endwinding support mechanical properties 
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may change over the years. The detection of 

that change requires on-line monitoring. 

Loose stator endwinding, which vibrate at 

double fundamental frequency (resonance) 

can deteriorate wedge tightness and 

subsequently cause extensive wear of the 

stator bars’ insulation. Ultimately this could 

lead to serious problems including an earth 

fault and in the worst case a phase to phase 

short. 

In order to identify stator endwinding 

vibration frequencies we carry out: 

• Experimental modal analysis based on off-

line bump tests. This would allow 

visualizing the mode and evaluating 

soundness of the stator endwinding.  

• Endwinding vibration on-line monitoring, 

which allows trending and early 

recognition of critical vibrations 

 

Once the analysis indicated global resonance 

of stator endwinding then appropriate 

remedial measures can be safely planned and 

implemented. This could significantly reduce 

the maintenance downtime and prevent 

damages caused by stator overhangs 

vibrations (reduction of consequential 

damages). 

 

2. Generator shut down (off-line) 
survey of endwindings 
As a standard procedure, we undertake a shut 

down survey for the generator end windings, 

including: 

• Check the endwinding for cleanliness and 

integrity 

• Check tightness of the end winding and its 

associated support structure. 

• Check insulating caps for cracks, 

embrittlement or cementing 

• Check end plate screws and proper cord 

reinforcing 

• Check for signs of heating 

 

This survey generally may include the taking 

of dimensional measurements of the existing 

support structure, support ring/s, endwinding 

binding and blocking, and busring.  

 

 

 

3. Resonance testing of endwindings 
Checking the natural frequency of the stator 

endwinding structure and connections is 

carried out during a generator overhaul and 

since the endwinding and connections can 

lose stiffness over time, this testing should be 

repeated at each outage.  This check 

determines if the resonant frequency of any 

components are coincident with the dominant 

forcing frequencies of synchronous speed and 

twice synchronous speed expected during 

normal operation. 

4. Frequency response testing end 
winding overhang 
This test is done by Hammer tests at selected 

coils. The number of tests is dependent on 

endwinding construction and number of coils; 

but must include a selection of unsupported 

coils (located between support brackets) and 

all coils adjacent to supporting brackets and 

all brackets.  

The frequency bandwidth covers a minimum 

of 0-400 Hz, with window measurements 

taken around critical frequencies as required.  

Components will be tested at different 

positions along their geometry to determine 

locations that are closest to forcing 

frequencies. Number of locations is 

dependent on the form and the response to 

testing.  

The stator connections are generally more 

flexible than the rest of the endwinding, due 

to their length and mass, and they will be 

tested along their geometry, in as many planes 

as necessary, to determine that the frequency 

response is not coincident with the units 

forcing frequencies.  

5. Modal shape analysis 
Measurements are made in the radial direction 

at different axial locations, the number of 

axial locations dependant on the construction 

of the endwinding and support rings, and 

hammer tests on each coil to generate and 

provide a set of radial measurements from 

which the modal parameters can be 

determined. Since the point measurement is 

also made, the modal mass can also be 

determined; this data will also be used to 

generate mode shapes.  
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If required, then individual components can 

be tested in a comparable way to determine 

their modal shape and resonant frequencies. 

From the Modal shape analysis for the global 

endwinding structure showing the modal 

shapes and associated forcing frequencies, 

along with the modal analysis for individual 

components if required, Engineering & 

Design can be conducted to improve the 

endwinding structure. 

Following the analysis of the modal tests, it 

can be deduced that there are 2-lobe vibration 

modes that fall within +/- 20% of the 100 Hz 

field excitation frequency. We use a 

deliberate broad range so that any possible 

fault cause is examined during testing and, in 

conjunction with other tests and visual 

inspections, we can determine whether the 

measured response is sufficient to cause 

vibration magnitudes of a damaging level.  

In the absence of an International Standard 

a vibration level of 50 microns peak to peak is 

suggested as an acceptable vibration level. 

List of natural frequencies from the measured 

local responses on the inner end windings 

using the roving accelerometer at the 

connecting end of the stator where it is found 

that the levels may be damaging, then we use 

the response testing to target improvements to 

the winding structure, generally by stiffening 

to the support brackets or modifications to the 

bracing to improve the stiffness of the 

structure.  We have previously utilized all or 

some of the following endwinding stiffening 

improvements to move the natural frequency 

away from the 100Hz or 120Hz forcing 

frequency: 

• Consolidation of the bus ring 

• Improved design of support ring/s 

bracketing 

• Replacement of support ring/s with stiffer 

rings 

• Introduction of slot exit tapered blocking 

• Reconsolidation of existing support 

structure 

• Redistribution of the support rings or 

blocking position to suit modal shape 

• Additional packing between coil noses 

• Detuning endcaps 

• Adding mass to the endwinding structure 

 

In order to confirm integrity of the repaired 

endwinding, testing and modal analysis is 

repeated. 

6. On-line Monitoring 
Thermal, electrical, ambient and mechanical 

stresses in normal operation and transient 

conditions (short circuits) may degrade 

mechanical stiffness of the endwinding and 

subsequent degradation of the endwinding 

and stator slot insulation. 

Therefore, continuous information for 

efficient and safe operation of generators is 

required. This information will allow: 

• Take immediate remedial action 

• Prevent catastrophic failure 

• Plan for outage 

• Minimize lost production 

• Postpone expensive maintenance 

• Plan for investment effectively 

• Manage risk for warranty and insurance: 

predictability 

• Enjoy pinpointed, condition based repair 

and maintenance 

We have developed a multi-parameter 

monitoring system for generators and motors, 

which presently includes: 

• Rotor monitoring by shaft voltage and 

current, flux measurement, rotor 

temperature, rotor currents and voltages 

• Overheating detection (generator condition 

monitor) 

• Vibration monitoring (structural 

components, core) 

• Partial discharge monitoring using partial 

discharge patterns 

• Endwinding vibration and temperature 

monitoring 

 

Measurements are taken automatically at a set 

period and stored for trending and analysis.  

By connection to the Internet, via the built in 

Ethernet connections, the unit can also be 

remotely accessed by customer, or by our 

diagnostic data base in order to look at the 

latest measurements and produce an Analysis 

Report. 

Partial discharge and end winding vibration 

measurements are particularly suited to 

monitor the behavior of the endwinding and 

eventually the quality of any repair done to it. 
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Fig. 1. Monitoring Functions: Partial discharge (PD), contains the master module (MM) and 

wireless sensor receiver, Shaft Voltage (SV),Shaft Current (SC),Vibration, 3 axes, temperature, End 

Winding (EW), Bearings, Structure (VS), Gearbox (VS), Flux Probe (FL), Brush sparking and 

overheating (DC), Current Signature Analysis (induction motors) (CS), Rotor Mounted Probe 

(RMP), Operating Parameter Input (analog and digital, alarm and analogue out (OP), 3
rd

 party 

monitor (E.g. overheat)input (3P). 

 

7. Partial Discharge Monitoring 
Partial discharge (PD) pattern measurements 

were early recognized as an extremely 

promising tool, which allows monitoring of 

detrimental changes in high voltage machine 

insulation. Intrinsically, PD also bears some 

limitations. 

On-line monitoring requires the installation of 

sensors during an outage of the machine. 

These sensors pick up the pulse signal of the 

discharge in a typical frequency range of 100 

kHz to 10 MHz. Using a variable band-pass 

system and windowing techniques together 

with a low-noise amplifier design, the system 

can be adapted to all conventional pd sensors 

(capacitive or inductive). Its normalization 

(calibration) is usually performed by injecting 

pulses of known charge into the machine 

terminals. 

The pulses are sorted versus amplitude and 

phase position in a typical time interval of 

15s. The number of pulses is typically codes 

in colour. These statistical distributions are 

displayed as 2-D maps and are called PRPD 

patterns (phase resolved partial discharge 

patterns). 

The pattern of each phase is acquired 

synchronously. The shape of the pattern is 

relevant for the discharge type and its typical 

location within the insulation system. The 

patterns are compared with reference patterns 

of our database, and, for trending and 

warning, characteristic scalar parameters are 

numerically determined from the distribution 

function. 

Looseness and insufficient coupling of slot 

corona protection caused the bars to move in 

the slot, which led to strong sparking and PD 

signals.The typical areas of vibration sparking 

in the slot and slot exit area are sketched in 

Fig. 2. (result of end winding or bar 

looseness). 

 

Fig. 2. Locations of vibration arcing and sparking 
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8. Vibration Monitoring 
All components and accessories of rotating 

machines are “vibrating”. 

A novel universal intelligent sensor was 

designed in order to monitor vibration in 

critical locations:  

• Which are not easily accessible and 

installation may be difficult 

• Analogue signals may deteriorated by 

electromagnetic interference leading to 

faulty results 

• Where more than one axis should be 

monitored 

• Where high magnetic or electrical fields 

are present 

 

Furthermore the sensor was designed to 

monitor end winding and all structural 

components, including bearings, gearboxes, 

core, etc., without adding extra data 

acquisition channels to a main unit. At present 

the mesh network can handle up to 256 

sensors. 

This requires digital data transfer, and signal 

processing on the sensor module itself. 

Every sensor module incorporates all physical 

sensors, a microprocessor and wireless 

transceiver. The modules intelligently build a 

network of connections for data trans- 

mission, allowing for reliable data 

transmissions also in industrial environments. 

At the same time the sensors communicate 

with each other, thus acting as repeaters in a 

mesh network (Fig. 3).  

This is important, as metal components can 

hamper the data transfer to the base station. 

Furthermore, sensors installed in a generator, 

or especially in hydrogen cooled unit only 

need one or 2 sensors communicating to the 

outside. This often reduces the need of special 

hydrogen feed throughs. 

The sensor network is self-configuring. The 

best signal path is automatically chosen. Each 

sensor’s software can be up-dated from 

remote. After power loss and re-powering, the 

sensor will automatically take part in the 

mesh network again. The latter feature is 

important in energy harvesting applications, 

where power supply may be unstable, or go-

off for a longer period of time. 

The sensor system is highly extensible and 

could also be adapted to use additional 

sensors suitable for customer- specific 

applications.  

The communication is purely digital. That 

means, speed, displacement and frequency 

spectra are calculated on the sensor itself. A 

burst mode allows transferring the analogue 

vibration signal. 

The actual sensor is prepared for various 

power supplies: 

• Battery for temporary measurements (e.g. 

laboratory runs) 

• DC power (direct) 

• DC power through high voltage isolation 

transformers 

• Energy harvesting (power by magnetic 

field) 

The latter is still in an experimental phase. 

Fig. 4. shows the non-encapsulated sensor 

including all components, antenna, 

microprocessor, network controller and 3 axis 

vibration and temperature sensor. 

 

 
Fig. 3. Typical sensor network 
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Fig. 4. Non-encapsulated sensor  

9. Conclusions 

Visual inspections bump tests and end 

winding repair methods are today state of the 

art and allow to re-establish the integrity of 

large turbine generator windings. 

New sensor technologies and monitoring 

systems will allow determining potential 

problems in an early stage.  

Especially the wireless sensor technology is a 

cost effective tools to study winding behavior 

in real operating conditions and the deviation 

of critical parameters from the original state. 

Especially 3-D vibration sensors allow 

determining the movement of points in a 

winding, or structural elements in all 

directions. It is believed that both on-line 

partial discharge and endwinding vibration 

measurement will become a crucial part of 

future generator monitoring systems. This 

will allow an early detection of stator 

component degradation and planning of the 

subsequent remedial actions. As a 

consequence major generator failures caused 

by stator winding vibrations or partial 

discharges can be easily avoided.  
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