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  C limate changes, high oil prices 
and foreign oil dependence are 

the big drivers in the growing renew-
able energy market, but it doesn’t 
come without challenges. There are 
two sources of renewable energy 
where we have taken up the chal-
lenge for monitoring, namely wind 
turbines and hydro. 

The wind energy demand is grow-
ing faster than the machine manufac-
turers can keep up with. Operation-
al experience with these machines 
is still in its infancy, and newer and 
larger generating units are constant-
ly being built to meet the demand. A 
wind farm is typically remotely locat-
ed and difficult to access for service 
and monitoring. Moreover, the wind 
turbine has a very complex vibration 
pattern due to continuously changing 
operational conditions, low rotational 
speeds, complex gearbox structure 
and a non-rigid foundation. Conven-
tional monitoring systems are not ca-
pable of adapting to these specific 
conditions, and produce either many 
false alarms or no alarms at all when 
there should be. A dedicated remote 
monitoring concept for the wind tur-
bine application is needed to take this 
into account. Brüel & Kjær Vibro has 
developed such a dedicated system 
and offers a solution that can be used 
in all wind turbine applications.

Hydro is not only the largest single 
contributor to renewable electricity 
in the world, but it is also one of the 
cheapest sources of energy com-
pared to all other power stations, in-
cluding nuclear. Unlike a wind farm, 
however, a hydropower station has 
relatively large generating units that 
can produce several hundred MW of 
power each. If one of the units goes 
down, there are a large number of us-
ers that can be affected. Brüel & Kjær 
Vibro is working closely together with 
customers in optimizing their monitor-
ing solutions to avoid downtime and 
reduce maintenance costs. 

Brüel & Kjær Vibro monitoring solu-
tions for both wind turbines and hydro 
are described in this renewable ener-
gy edition of Uptime! Enjoy reading it!

   

 

Alfred	Schübl
Hydro Monitor-
ing Sales 
Manager

Steen	Knudsen
Wind Turbine 
Monitoring 
Sales Manager
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study

Four case studies demon-

strate how an effective remote 

condition monitoring strategy 

avoids costly downtime and 

consequential damage 

Remote		
monitoring	of	
wind	turbines	
gives successful 
results 

 B  rüel & Kjær Vibro Surveillance 
Centre has been remotely moni-

toring several hundred wind turbines 
over the last 4 years. A number of di-
agnosed faults have been document-
ed for wind turbines over this period 
and four of these case studies are 
described in the article, based on the 
actual Alarm reports prepared for one 
of our customers, a wind turbine op-
erator. In each case machine down-
time has been minimized and repair 
costs reduced since early fault de-
tection and diagnosis has avoided a 
catastrophic failure from occurring, 
which could lead to extensive conse-
quential damage.
The remote monitoring concept used 
in these four case studies is de-
scribed in the Technical Focus article 
on page 7. The monitoring strategy 
used on the four different wind tur-
bines includes over 100 scalar vibra-
tion and process parameters that are 
automatically monitored, combined 
with a detailed signal analysis of the 
acquired time waveform signals.
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Figure 2. The up-
per plot shows 
the speed vari-
ation of around 
20% over a 30 
second period. 
The time wave-
form plot below 
shows the cor-
responding gen-
erator drive end 
bearing vibra-
tion response for 
comparison. To 
effectively moni-
tor under these 
conditions, an 
adaptive moni-
toring strategy is 
needed.

The critical areas to monitor on a 
wind turbine are shown in Figure 1.
Monitoring wind turbines to an adap-
tive monitoring strategy is absolute-
ly imperative for reliable, early fault 
detection. Unlike a baseload power 
station, a wind turbine is subject to 
a wide range of loading for different 

wind conditions. In order to distin-
guish between a vibration and proc-
ess signal amplitude change due to 
a change in operating conditions and 
that due to a developing fault, it is 
necessary to use an adaptive moni-
toring strategy such as active power 
bins (e.g. power classes). See Figure 

2 for an example of vibration change 
due to a generator speed variation. 
The concept of active power bins is 
described in more detail in the Tech-
nical Focus article on page 9 and 10.

Lo-Speed Shaft 
& Main Bearing

Generator

Gearbox

Main
Bearing
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Process Values such as:
Wind speed
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(Main bearing
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Figure 1 Sensor 
types and loca-
tions on a typi-
cal wind turbine 
generating unit 
train.
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  Case study 2    
Coupling defect

Observations

Rapid rise in the 
first order BMS 
vibration mag-
nitude exceeds 
Danger alarm 
limits. The other 
measurements 
indicate there 
was no rotor un-
balance or bear-
ing faults

Interpretation

The rapid rise in generator driven end first order magni-
tude indicates a change in the stiffness of the bearing or 
the coupling, possibly due to loose holding down bolts or 
structural components. 

Advice/action

Inspect generator rotor, bearing and coupling for possible 
loose components.

Feedback after service

Photos showing the sheared coupling links. 
The trend plot above shows the first order magnitude vi-
bration trend both before and after servicing the coupling.

  Case study 1    Wind turbine 
gearbox defect

Interpretation

Detailed analysis shows sidebands around the first and 
second order gear mesh frequencies of the gearbox sec-
ond stage, which confirm a gearbox fault.

Advice/action

The gearbox should be visually examined when conven-
ient, paying particular attention to the second stage gear 
teeth condition. The gearbox mounting bolts and support 
structure should also be checked.

Feedback after service

Photo showing the metal shavings in the oil filter coming 
from the damaged second stage of the gearbox. A new 
gearbox was installed. The damaged gearbox required 
minimal repair since a catastrophic failure was avoid-
ed. The trend plot above 
shows the gear mesh fre-
quency trend before and 
after servicing the gear-
box.

Observations

Gearbox second 
stage gear mesh 
frequency (first 
order) exceeds 
the Alert alarm 
limit. 
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  Case study 4    Gearbox  
suspension support fault

Observations

Rapid rise in 
second stage 
gearbox overall 
vibration level to 
above Danger 
level in power 
bin 5 (>1200kW). 
progressive rise 
but below Alert 
level in power 
class 4. 
The other measurements indicated there was no problem 
in the gears themselves.

Interpretation

The rapid progressive rise in the second stage gearbox 
overall vibration level indicates a deterioration in the con-
dition of, or looseness, in the gearbox support pads or 
structure. Because it occurs only at the highest active 
power bin, there could be a possible structural resonance 
resulting from a reduced structural stiffness due to loose-
ness of the support structure.

Advice/action

The gearbox should be inspected immediately for mount-
ing or looseness problems. It should also be visually in-
spected internally for possible contacting rotating parts.

Feedback after service

Photo showing the cracked rubber bushing on the support 
bracket (drawing on the right shows the location of the 
bushing on the gearbox).The trend spot above shows the 
trend both before and after exchanging the bushing. 

  Case study 3    Bearing fault  
at generator driver end 

Observations

Generator driver 
end BCU (Bear-
ing Condition 
Unit) measure-
ment exceeds 
Danger alarm 
limits. 

Interpretation

Further analysis using envelope plot confirms an inner 
race bearing fault. This is typically characterized by a se-
ries of harmonics from the inner race bearing fault fre-
quency (BPFI).

Advice/action

The bearing should be checked as soon as possible and 
replaced, if necessary.

Feedback after service

Photos showing the damaged inner race.
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This article presents an ex-

ample in the wind turbine in-

dustry on how an effective re-

mote monitoring system cou-

pled with an external surveil-

lance and diagnosis centre 

can bridge the gap between 

achieving greater uptime with 

less investment. It is the sec-

ond part to the technical article 

in the last issue of Uptime en-

titled “Remote Monitoring and 

Diagnosis Concept”.

 K  eeping machinery running re-
liably is more important today 

than ever before. The demands for 
fast, reliable delivery, production flex-
ibility and increasing product qual-
ity are compounded by an industry-
wide reduction of maintenance budg-
ets, personnel and a lack of special-
ists. This results in a significant loss 
of on-site knowledge and experience 
in condition monitoring. Despite this, 
the operators have to keep increas-
ingly stressed machines running 
longer and with greater output. 
Most agree that a predictive monitor-
ing strategy holds the most promise 
to increase machine uptime, but this 
requires both an appropriate condi-
tion monitoring system and qualified 
diagnostic specialists. How can this 
be done cost-effectively and with lim-
ited on-site expertise?

Wind turbine monitoring re-
quirements and challenges

Brüel & Kjær Vibro has worked with 

end-users over the 
years to come up with 
cost-effective solu-
tions to address the 
issues of limited custom-
er monitoring expertise in a 
number of industries. This arti-
cle focuses on one particular solu-
tion that was started in the wind tur-
bine industry. 

The wind power industry has expand-
ed rapidly during the past few years, 
where the focus has been on a grow-
ing market for larger wind turbine 
parks and the development of larger 
wind turbines. The installed wind tur-
bines are subject to high and vary-
ing loads and extreme weather con-
ditions, and therefore require special 
attention in a maintenance program. 
Normal lifetime assessment of the 
machinery is not always valid under 
these circumstances. A vibration con-
dition-monitoring program is a vital 
tool for planning a maintenance pro-

focus 

technical 

Cost-effective	monitoring
of wind turbines using external  
Surveillance Centre
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gram in case of accelerated deg-
radation of machine components 
due to the harsh conditions. Without 
such a program, uptime can only be 
achieved by rapid response times 
and fast service to correct the prob-
lems. Such an approach is difficult 
to carry through with success, espe-
cially for offshore wind parks where 
turbines only can be reached during 
proper weather conditions. 

Condition monitoring in the wind 
power industry is relatively new, and 
there are several challenges that 
make it difficult to use a “standard” 
condition monitoring system on a 
wind turbine:
n Varying operating conditions
n Varying speed

n Low rotational speeds
n Complex gearbox (planetary)
n Non-rigid machine foundations

Before implementing a remote Sur-
veillance Centre for wind turbines, a 
considerable amount of work had to 
be done with turbine manufacturers 
to better understand the machines 
and their failure modes. At the same 
time, both the wind turbine manufac-
turers and Brüel & Kjær Vibro had 
to work closely with the standards 
and certifying bodies. Germanischer 
Lloyd, one of the only certifying bod-
ies for wind turbines, certified the 
Surveillance Centre concept and the 
condition monitoring system for the 
wind turbines. It was also accepted 
by Allianz, which ultimately results 

in lower insurance  costs for the op-
erators who use the certified remote 
monitoring and diagnosis system and 
service. The specialists in the Sur-
veillance Centre are ISO certified. 

Remote monitoring and 
Surveillance Centre for wind 
turbines

The primary elements in the remote 
monitoring and diagnosis Surveil-
lance Centre, as shown in Figure 1 
and explained in the following sec-
tions, are:
n Local data acquisition units in the 

wind turbines
n Remote diagnostic server

Figure 1 Remote monitoring and di-
agnosis at the Surveillance Centre

Remote Monitoring 
System Overview
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n Remote Surveillance Centre  
service

n End-user service group and wind 
turbine operators

Data acquisition system

For many industrial plants, a single, 
plant-wide, comprehensive stand-
alone condition monitoring system is 
sufficient for their monitoring require-
ments. If outside help is needed for 
analysis and diagnosis, specialists 
can be contracted to do this by re-
motely gaining access to the data-
base. But for those industries like the 
wind turbine industry where there are 
many machines that are remotely lo-
cated from each other, a comprehen-
sive stand-alone condition monitoring 
system would be cost prohibitive. In 
such a case, it is more cost-effective 
to install a remote, distributed moni-
toring system. This consists of a web-
enabled data acquisition unit in each 
turbine, and a single, remotely locat-
ed central diagnostic server. 
The data acquisition units themselves 
are not accessed by the end-user 
and therefore can be considered as 
a remote part of the diagnostic serv-
er. The benefits of this solution are 
lower system cost (less hardware), 
less space occupied by the system, 
no customer IT investment or support 
required for a condition monitoring 
server or database, no training, and 
no customer specialist needed.

The primary functions of the data ac-
quisition unit are:
n Automatic monitoring – Vibration, 

process parameter and time se-
ries are automatically monitored at 

fixed intervals and remotely sent 
to the diagnostic server

n User-requested time waveforms 
– Used for detailed frequency and 
time series analysis 

n Automatic event recorder – Time 
waveform data is automatically 
stored before and after a user-de-
fined event, thus allowing the di-
agnostic centre to do advanced 
vibration post-analysis to identify 
developing faults

The data acquisition unit must be 
able to withstand harsh environmen-
tal conditions such as operating tem-
peratures from -40 to 70 deg. C, high   
humidity and salt mist  as well as 
shock and vibration exposure.

A GPRS modem or a LAN is used 
that has sufficient bandwidth to trans-
mit scalar data and time series over a 
web-server to the central diagnostic 
server. Over 100 parameters classi-
fied according to the operating condi-
tions are monitored in each wind tur-
bine. 

Central diagnostic server

The specialists in the Surveillance 
Centre use the diagnostic server for 
doing analyses and diagnoses of the 

raw data, so they can advise the wind 
turbine operators on the condition of 
the wind turbines, and recommend 
any action that has to be taken.
The primary function of the diagnos-
tic server is to:
n Automatically take in “raw” data, 

e.g. scalar values and time series, 
from several hundred data acqui-
sition units located in the wind tur-
bines

n Automatically condition and proc-
ess data

n Automatically classify the data ac-
cording to the operational condi-
tions

n Automatically compare data to 
alarm limits, prioritize them and 
issue alarms if exceeded (Alarm 
Manager)

n Automatically store data in the da-
tabase for long-term storage and 
trending

n Take vibration time wave forms by 
user request

n Take vibration time waveforms at 
regular intervals

Wind turbines operate in widely vary-
ing conditions, and consequently the 
vibration response of the machine 
components also varies. A group of 
active power bins (e.g. power class-

Figure 2  
Example of active power bins (e.g. 
power classes)
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es) and their corresponding alarm lim-
its were defined by Brüel & Kjær Vibro 
and the machine manufacturer so they 
can be monitored and stored individu-
ally. This allows faults to be automati-
cally detected in any active power bin 
without generating false alarms. It also 
makes a “cleaner” trend when plotting 
the progress of the fault.
The Alarm Manager is an important 
function in the diagnostic server for 
wind turbines. More than a hundred 
characteristic scalar values are moni-
tored for each turbine. Each of these 
values is stored in an active pow-
er bin reflecting the running condi-
tions of the turbine when the value 
was recorded. Each active power bin 
has its own alarm limits resulting in 
500 to1000 alarm limits for each tur-
bine. The diagnostic server closely 
monitors each of the recorded val-
ues and provides an alarm each time 
an alarm limit is exceeded. The com-
bined pattern of these alarms indi-

Severity Type Description Required	Action

1 Danger Severe progressing failure
Immediate action. Operating the turbine has serious risk of 
functional loss and possible severe consequential damage.

2 Alert
Considerable progressing 
failure

Action as soon as possible. Recommended within 2 weeks.

3 Alert Progressing failure Action when convenient. Recommended within 2 months.

4 Alert
Small or none progressing 
failure

Action at next service.

5 Good No abnormalities detected No action required.

6 System Hardware system problem Correct as soon as possible.

Figure 3 Another example of how the 
power bins are defined for actual wind 
turbine data. The yellow and blue data 
points represent two different operat-
ing modes for the generator.

Table 1 Alarm criteria used in the Alarm Manager program

Vibration vs power

cates a progressing mechanical fault 
on one or more of the turbine com-
ponents. The Alarm Manager pro-
gram looks for high-resolution alarm 
information in the diagnostic server 
database, as shown in Figure 2. All 
incoming and previous alarms are 
evaluated and transformed into a sin-
gle alarm notification for each part of 
the turbine. The alarm information is 
graduated into five severity levels in 
order to provide the user with a lead-
time estimate on a developing fault 
(see Table 1). Notifications from the 

Alarm Manager are sent via e-mails 
to a number of assigned users.

Surveillance Centre

No matter how good the diagnostic 
server is – whether it is installed lo-
cally with the machines or is part of 
an external Surveillance Centre – it 
has little value if there are no spe-
cialists who can do the analysis, in-
terpret the results and advise the 
customer on required service. The 
“back-office” service of the Surveil-
lance Centre includes the tasks and 

g 
R

M
S

Power kW
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responsibilities of the specialists and 
the how they interact with the end-us-
er’s service group.

In the wind turbine industry, several 
hundred wind turbines are current-
ly being monitored in Europe from 
a dedicated Surveillance Centre in 
Denmark. The specialists work full-
time only for wind turbines, and are 
responsible for detecting and diag-
nosing the faults, and providing ac-
tionable information to the end-user 
service group. By looking over so 
many wind turbines, the specialists 
have seen a wide range of faults in 
the bearings and the complex plane-
tary gearboxes.

The specialists in the Surveillance 
Centre work directly with the wind-
turbine end-user service group. 
Close collaboration is vital to ensure 
the diagnoses are understood, the 
correct action is done and feedback 
from the end-user is used to refine 
the failure mode analysis model to be 
more accurate. There are three types 
of tasks (reports) carried out by the 
specialists:
n Alarm report
n Status report
n Diagnostic report

The Alarm report is done when a de-
veloping fault has been detected. The 
Alarm Manager program, described 
earlier, assigns a preliminary severity 
assessment to the alarm condition. In 
an alarm situation, the Surveillance 
Centre functions as follows:
n	 Both the end-user and specialists 

are automatically informed of the 
alarm condition by the diagnostic 
server (described in the previous 
section)

n Specialists at the Surveillance 
Centre do detailed analysis and di-

agnosis of the detected fault, as-
sign a final severity assessment 
to the alarm and provide service 
recommendations to the end-user 
service group in a short and con-
cise alarm report describing what 
has been observed, an interpreta-
tion of the observation and a rec-
ommended action to remedy the 
problem.

n End-user takes action and closes 
the alarm report

n End-user gives feedback on the 
report to the specialists so they 
fine-tune their prognosis model for 
the next time the same fault oc-
curs again

The Status report is a routine re-
view on the condition of the wind tur-
bines after a pre-determined interval 
of time, such as six months. In this 
case the report presents a general 
assessment on the condition of the 
wind turbines for the last six months 
and makes a prognosis for the next 
six months. 

The Diagnostic report is a special 
customer request to make a thorough 
investigation of a machine compo-
nent, such as a troublesome gearbox.

Remote access by the  
end-user

Most of the wind-turbine operators 
do not have their own vibration spe-
cialists so they use Brüel & Kjær Vi-
bro Surveillance Centre for all their 
fault detection and diagnosis needs. 
There are, however, some end-us-
ers who have some level of exper-
tise, and they want to verify the di-
agnoses made by the Surveillance 
Centre and/or share the responsibili-
ties of diagnosing faults on the wind 
turbines. This shared responsibility is 
quite common with many industries 
that have their own stand-alone con-
dition monitoring systems.

Brüel & Kjær Vibro offers full data 
transparency. Wind turbine operator’s 
access to data is possible in the Sur-
veillance Centre diagnostic server. A 

Figure 4
The Alarm Man-
ager program 
evaluates in-
coming and 
previous alarms
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special analysis program has been 
developed by Brüel & Kjær Vibro that 
allows the end-user to access the 
“raw” vibration and process data and 
time series so they can do their own 
analysis. The advanced data analysis 
program and the raw vibration data 
in the form of time wave forms can 
be downloaded from the so called 
Data Subscription Homepage. This 
homepage also provides each user 
access to a park alarm status as well 
as a detailed alarm status per turbine.

Data ownership

One of the advantages for the cus-
tomers is that Brüel & Kjær Vibro 
hosts the IT system that takes care 
of the customer’s data. The custom-
er still owns the data. This is com-
parable home banking via the Inter-
net, where you are the owner of the 
money shown on your accounts and 
always have access to an overview. 
And like in a bank, Brüel & Kjær Vi-
bro ensures that all data is backed 
up and secured and the system is 
running 24/7. The remote monitoring 

group has its own dedicated IT sup-
port specialized in handling the ap-
plication and the communication with 
the front end of the monitoring sys-
tems via GPRS or LAN. Upon ter-
mination of the condition monitoring 
service contract, the customers can 
get their data delivered in an industry 
standard database format.

Conclusion

The comprehensive, stand-alone 
condition monitoring system that is 
used in some plants is very costly to 
implement if there are many remotely 
located machines. In addition to this, 
a shortage of customer expertise in 
vibration analysis and diagnosis lim-
its the success they can achieve in 
optimizing machine uptime. 

The remote monitoring and diagnosis 
concept introduced in the wind tur-
bine industry addresses these prob-
lems in a collaborative, cost-effective 
manner that involves the wind turbine 
operators, the wind turbine manufac-
turer and the monitoring system man-

ufacturer. The monitoring hardware 
on the machines is limited to only 
web-enabled data acquisition units, 
and the diagnostic server is moved 
to an external Surveillance Cen-
tre. Here a group of qualified vibra-
tion specialists detect and diagnose 
faults, and give service recommenda-
tions to the end-user service group. 
After the service is done, the Surveil-
lance Centre is informed by the end-
user so they can improve their diag-
nostic and prognosis techniques. The 
wind turbine operator in return can 
ask the Surveillance Centre to do di-
agnostic tests on troublesome ma-
chine components. 

The Surveillance Centre for the wind 
turbine industry has been in opera-
tion for more than four years, with in-
stallations on several hundred wind 
turbines in Europe. n 

Figure 5
Wind Turbine 
Generator Anal-
ysis program for 
analyzing data 
from the Surveil-
lance Centre di-
agnostic server 
by the end-user
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The COMPASS condition 

monitoring system was re-

cently installed at the Momina 

Klisura hydropower station in 

Bulgaria as part of a major re-

furbishment. 

 A  dvanced vibration monitoring 
techniques are done on the 

shafts, bearings and stator core, air 
gap, magnetic flux monitoring on the 
generator, and cavitation monitoring 
on the runners. This comprehensive, 
integrated monitoring system allows 
the ageing generating units to oper-
ate more reliably with higher avail-
ability and lower maintenance costs, 
despite the severe peak load operat-
ing conditions. 

Operation and maintenance 
of the generating units

The Momina Klisura hydroelectric 
power station is the lowest in eleva-
tion of a total of four hydropower sta-
tions on the Belmeken-Sestrimo-
Chaira cascade on the Maritza Riv-
er. The 2 x 60MW Francis turbines 
operate under a 251m head at 300 
rpm. The penstock takes in 54.4 m3/
s flow from a canal exiting the up-
stream Sestrimo hydropower station 
(2 x 130MW) and discharges it into 
the river. 

Natsionalna Elektricheska Kompania 
EAD (NEK EAD) owns Momina Klisu-
ra together with 30 other hydropower 
stations, with a total installed capac-
ity of 2563MW. Momina Klisura pro-
duced 174 GWh in 2006.

The Momina Klisura 
power generation, as 
with the other Bulgarian 
hydropower stations, is heavily in-
fluenced by the perennial climatic 
changes. Therefore during periods 
of low rainfall, machine availability 
is critical. Downtime due to machine 
faults simply cannot be tolerated dur-
ing these demanding periods. In ad-
dition to this, the varying reservoir 
levels plus the irregular hours spent 

Figure 1 Momina Klisura 2 x 60MW  
generating units.

Integrated	vibration,	
process	monitoring	
at HPP Momina Klisura
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on stabilizing the grid results in var-
ying loads on the generating units, 
thus making it difficult to effectively 
implement a time-based maintenance 
strategy. Machine maintenance can-
not be accurately predicted under 
these conditions, as the components 
wear at different rates.

As a peak load station, the machines 
are more stressed compared to 
baseload applications and thus more 
prone to premature failure. This is 
compounded by the fact that the ma-
chines have reached the end of their 
life cycle expectancy (Momina Klisu-
ra was commissioned in 1972). The 
severe operating conditions and age-
ing equipment resulted in high op-
eration and maintenance costs, low 
availability due to high failure rate, 
and low overall efficiency. 

A major refurbishment was done a 
couple of years back to increase 
availability, reliability and efficiency, 
while at the same time to ensure con-
formity to the Union for the Coordina-
tion of the Production and Transport 
of Electric Power (UCPTE). The re-

furbishment work encompassed up-
grading the turbine, generator, auxil-
iaries and the distributed control sys-
tem (DCS). As a consequence of the 
demanding operating conditions at 
Momina Klisura, a condition-based 
maintenance strategy was adopted to 
replace the primarily time-based one. 
Therefore installation of an advanced 
machine condition monitoring system 
was also an important part of the re-
habilitation project. 

Implementation of COMPASS

The COMPASS monitoring system 
was installed in 2006. This was an 
important step in moving towards 
a conditioned-based maintenance 
strategy from the interval-based 
maintenance strategy. Selection of 
the condition monitoring system was 
based on a site survey and a moni-
toring strategy, which draws from the 

operational and maintenance experi-
ence mentioned above.

Monitoring strategy

The basic overall requirements for 
the condition monitoring system were 
already determined by the power sta-
tion operation and maintenance staff 
prior to the rehabilitation. The primary 
purpose of the refurbishment and im-
plementation of a condition monitor-
ing system was to improve machine 
uptime, reliability and efficiency, and 
reduce maintenance costs. Because 
of the demanding operational con-
ditions at the plant and the mainte-
nance experience acquired, it was 
decided that the main machine com-
ponents for monitoring would be the 
generator, turbine shaft and bearings. 
The objectives for monitoring these 
components were focused on: 

n Detecting and diagnosing faults 
at an early stage of development 
so maintenance can be planned 
ahead of time

n Optimizing part load operation to 
avoid cavitation

Air Gap

Mag. Flux

Thrust Brg

Tacho

Upper Gen. Brg

Turbine Brg

Stator

Lower Gen. Brg

Cavitation

Rotor

Turbine

Absolute
Vibration18x

2x

2x

2x

Relative
Vibration

2x

2x

2x

2x

4x

Figure 2 Sensors installed on the Mo-
mina Klisura generating units. Proc-
ess parameters imported from the 
DCS are not shown here.

Figure 3 Mounting of the air gap sen-
sor (green plate) and the magnetic 
flux sensor to the right of the air gab 
sensor between two poles on the sta-
tor laminates.
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Sensor inputs 

The monitoring system sensors used 
are shown in Figure 2, and a typical 
installation of the air gap and mag-
netic flux sensors on the stator is 
shown in Figure 3.

Measurements 

A number of measurements are done 
on the vibration and process signals 
coming from the sensors, as sum-
marized in Table 1. Typical measure-
ment plots are shown in Figure 4 and 
5 on the next page.

Adaptive monitoring 
strategy

The generating units at Momina 
Klisura are frequently started up 
and shut down for peak load opera-
tion (often at part load), or used in a 
synchronized compensation opera-
tion to stabilize the grid. This plac-
es special demands on effective 
monitoring since the vibration sig-
nature for the same measurement 
is different for the different machine 
states. COMPASS utilizes an adap-
tive monitoring strategy so a meas-
urement is monitored to alarm limits 
specific for each respective machine 

state. “Tighter” alarm limits give ear-
lier fault detection with less risk for 
false alarms. The measurements are 
saved in the database separate from 
the same measurement in other ma-
chine states, so it is easier to identify 
trends. See the Technical Focus ar-
ticle on page 17 for an example of a 
pumped storage generating unit be-
ing monitored to different machine 
states.

COMPASS system 
configuration 

COMPASS is installed as a plant-
wide system that includes sensors, 

Machine		
component

Sensor Measurement Description	and	function

Stator	frame/
core,	shafts	and	
bearings

Radial acceler-
ometer, displace-
ment sensors

Vector
First and second order magnitude and phase for shaft 
fault detection and trending

FFT spectrum
Diagnosis for faults that occur at different frequency 
ranges

CPB spectrum
Constant percentage bandwidth for early fault detection 
and initial diagnosis of a wide range of faults

Smax Maximum magnitude from an X-Y measurement

X-Y time signals
Displayed individually and combined in an orbit plot for 
diagnosis

Bandpass Detection of shaft/bearing faults at different frequencies

DC Shaft centreline monitoring

Axial accelerome-
ter, displacement 
sensors

FFT spectrum Diagnosis of thrust bearing faults

Bandpass Continuous measurement to detect vibration changes

DC
Continuous measurement to detect lubrication film 
thickness change

Tacho RPM Speed and phase

Rotor/stator	air	
gap

Air gap

Time signal Overview of air gap for all poles during one revolution

Min. air gap (DC) Continuously monitored for safety

Calculated values 
(DC)

Diagnostic values used to determine stator and rotor 
form

Magnetic flux
Time signal

Overview of magnetic flux for all poles during one revo-
lution

Calculated values 
(DC)

Diagnostic values to identify shorted rotor turns

Runner Cavitation
High frequency 
emissions (DC)

Indicate the onset of cavitation

Table 1 List of some of the measurements monitored and their function.
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data acquisition and conditioning 
units, a monitoring system server 
with a database, and remote access 
to operators and the distributed con-
trol system. See Figure 6.

Conclusion

Only a conditioned-based mainte-
nance strategy can be used on a 
multiple role hydropower application 
such as Momina Klisura. The numer-
ous starts and stops puts extra load-
ing on the machine components and 
the varying duty cycles make ma-
chine component wear unpredictable. 
This kind of application requires an 
advanced machine condition monitor-
ing system such as COMPASS that 
is capable of detecting and diagnos-
ing faults at an early stage of devel-
opment using a number of vibration 
and process inputs from many ma-
chine components. The wide range of 
measurement parameters then have 
to be monitored to individual alarm 

limits and stored in the database with 
respect to a specific machine oper-
ating condition. Because of the risk 
of cavitation occurring at part load at 
Momina Klisura, COMPASS is also 
used for optimizing at which loads 
the hydro generating units can be 
safely operated. An advanced condi-

tion monitoring system is critical for 
peak load applications, since down-
time for the generating units cannot 
be tolerated. In fact, any downtime at 
the nearby baseload thermal power 
stations has to be compensated for 
at Momina Klisura.  n

Figure 4 Example of plots for the upper generator bearing of unit 1. CPB spec-
trum at 23% bandwidth frequency (upper left), second order vector history 
(upper right), orbit (lower left), and a waterfall FFT spectrum.

Data Acquisition Unit

DCS
Remote

Terminals

Monitoring
System
Server

Data,

Setups

Process
Data

Air Gap
Mag. Flux
Abs. Vibr.
Rel. Vibr.

Cavitation

Inputs

Alarms,

Relays
Alarms,

Data,

Setups
Alarms,

Admin. Network

Process Instrumentation Network

Figure 6 COMPASS system configu-
ration.

Figure 5 Active power plot showing 
the high number of starts and stops 
for unit 1 during a 2.5-month period. 
Part load operation can also be seen 
here.
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Monitoring a pumped storage 

generating unit with respect to 

the individual machine states 

makes it easier for you to de-

tect and follow subtle machine 

changes at an early stage of 

development.

 A  daptive monitoring strategy 
(AMS), as introduced by the 

COMPASS system over 15 years 
ago, is designed to provide early fault 
detection without false alarms, and 
to improve the reliability of making 
a diagnosis. When performing ma-
chine condition monitoring, the only 
signal amplitude changes we are re-
ally interested in seeing is that due to 
a change in the condition of the ma-
chine (i.e. a developing fault), and 
NOT due to a change in process con-
dition, such as loading. This is a sim-
ple concept but is still not widely im-
plemented in today’s monitoring sys-
tems.

Monitoring	to		
machine	states	
for	a	pumped	
storage	plant

Figure 1 Unit 1 stator air gap for four 
different machine states. Air gap 
measurements between Dec 11-22 
overlay each other with each ma-
chine state.

focus 
technical 

Synchronized	Compensation	(pumping	
direction), 81 air gap measurements

AMS includes several different tech-
niques, but in this article we fill focus 
on one of the basic ones, called ma-
chine states. Here a machine’s oper-
ating regimes are individually defined 
in the monitoring system setup as a 
first step. In the case of a pumped 
storage hydro turbine, there can be 
a number of different machine states 
such as stopped, run-up, synchro-
nized condenser operation, pumping 
mode, generating mode, coast down, 
etc. All relevant measurements, such 
as vibration, displacement, air gap, 
magnetic flux and other process pa-
rameters are individually monitored to 
each of these machine states. In this 
way only similar data is compared 

to alarm limits and 
stored in a particular 
part of the database 
for trending. There are 
two primary benefits from 
using machine states in your 
monitoring strategy:

n “Tight” alarm limits – By setting 
the alarm limits close to the refer-
ence values, you get earlier, more 
reliable fault detection without the 
risk of false alarms. Early fault de-
tection gives you greater lead time 
for diagnosis and service. This ap-
plies to both scalar and spectrum 
measurements

Synchronized	Compensation	(generat-
ing	direction),	44 air gap measurements

Pumping	Mode	99, air gap measurements Generating	Mode	39, air gap measure-
ments



1�    uptime megazine • 02/07

n Cleaner trend – Similar data plots 
more nicely, so it is easier and 
faster to identify a trend for diag-
nostics and for planning mainte-
nance 

Example of a machine state 
monitoring application

The 716 MW hydroelectric pumped 
storage power station Zarnowiec in 
Poland has been using COMPASS to 
monitor their four units since 1997. 
Last year air gap and magnetic flux 
monitoring capability was added to 
two of the units, which are monitored 
to the steady-state machine states 
for generation, pumping, and syn-
chronized condenser operation in the 
pumping and generating directions.

Looking at Figure 1, all air gap meas-
urements for Unit 1 for the period 
Dec 11-22 are shown for each ma-
chine state (the deviations are exag-
gerated for purpose of clarity). Within 
each machine state there is very lit-
tle deviation for the overlaying data. 
This suggests that there is no plas-
tic deformation in the stator since the 
data returns to the same shape af-
ter changing machine states each 

time. There is, however, noticeable 
elastic deformation between some of 
the machine states since the stator 
shape is different for each machine 
state (e.g. look at the comparison of 
the pumping and generating machine 
states in Figure 2). In other cases 
there is very little difference between 
the machine states (e.g. look at the 
comparison of the generating and 
synchronous condenser operation 
in the generating direction machine 
states in Figure 2).

Conclusion

By taking a quick glance at this data, 
there is no cause for alarm since 
there is no plastic deformation seen 
developing in the trend plots, and 
the elastic deformation of the stator 
has not reached proportions that risk 
causing a stator-rotor rub or causing 
excessive vibration that will overload 
the bearings. It does bring attention 
to the fact, however, that certain por-
tions of the stator are more flexible 
than others, and the amount of flex-
ing depends on the machine state. 
Determining the cause and amount 
of flexing is a complex issue since 
there are many factors that can influ-

ence this. In any case the more flex-
ible portions of the stator should be 
carefully monitored over time to en-
sure that no structural change occurs 
due to fatigue. If there occurs a pre-
mature structural deformation in the 
stator, a root-cause analysis could 
be done to find out how to strength-
en those flexible portions of the sta-
tor to avoid this happening again in 
the future.

Monitoring vibration and displace-
ment to machine states has been ac-
cepted in a large part of the indus-
try as a benchmark for many years 
now, but as we can see in this arti-
cle, it applies equally as well to other 
measurements such as air gap and 
magnetic flux monitoring in the hydro 
industry. A slightly different approach 
has been made for wind turbine mon-
itoring, which is explained both in the 
Technical Focus article on page 7 
and the Case Study on page 3. n

Unit 1 Stator Air Gap for Different Machine States

Turbine Mode 
(18 Dec 2006 19:59)

Sync. Cond. Mode Turbine Direction 
(22 Dec 2006 12:21)

Sync. Cond. Mode Pump Direction 
(22 Dec 2006 00:35)

Pump Mode 
(22 Dec 2006 07:27) 

Sensor 1

Sensor 2
Sensor 3

Sensor 4

Sensor 5
Sensor 6

Turbine Mode 
(18 Dec 2006 19:59)

Pump Mode 
(22 Dec 2006 07:27) 

Figure 2 
Comparison of 
the Unit 1 stator 
air gap between 
different ma-
chine states.
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update
product

User-Interface Upgrade	Package	for COMPASS users

By upgrading your COMPASS 

Classic with Compass 6000 

Monitoring Workstation, you 

get all the flexibility of a Win-

dows™ user-interface.

 T  he Monitoring Workstation software 
retrieves and displays measurement 
data and alarm information from one 
or more COMPASS databases on 
your Windows workstation, PC or lap-
top. The upgrade package includes a 
new server (depending on your per-
formance requirements) and an on-
site installation service.
 T  he software is based on Microsoft“ 
Windows™ NET technology .

Figure 1 Typi-
cal Monitor-
ing Workstation 
screen display 
showing a hydro 
generating unit 
application. The 
Tag browser is 
on the left and 
the Alarm list is 
in on the bot-
tom.

or more machines and their meas-
urement points. Window displays 
can be easily created by overlay-
ing measurement view objects 
over an existing machine drawing 
or photograph. 

n	 Plots – These include advanced 
cursors, graphic zoom, annota-
tions, plot rotation and much more. 
The selection window is a unique, 
powerful tool that displays the data 
available and allows you to graphi-
cally select the data you want to 
display. Data from any database 
is easily displayed and correlated, 
for more effective diagnosis and 
analysis. n

Contact your local sales representa-
tive to find out what special package 
offers are available in your area that 
suit your needs.

The upgrade includes:
n	 Tag browser – This function allows 

you to navigate through the ma-
chines and measurement points 
from one or more COMPASS da-
tabases. The colour of the icons in 
the Tag browser informs you about 
alarm status, current machine 
states, disabled tags, etc.

n	 Alarm management and view func-
tion – Alarms from several data-
bases are shown in the alarm list 
and are automatically and continu-
ously updated. Advanced filtering 
capabilities allow different users to 
define exactly what they want or 
need to see. Each user can save 
and retrieve preferred filter set-
tings.

n	 Machine view – This gives an at-
a-glance overview on the meas-
urement and alarm status of one 


