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Förord 
 
Detta examensarbete är avslutningen på vår utbildning till civilingenjörer i 
Maskinteknik vid Luleå Tekniska Universitet. Examensarbetet har utförts vid 
ALSTOM Power i Västerås under hösten 2005 och våren 2006. Då författarna 
under studietiden har inriktat sig på produktutveckling har det varit mycket 
stimulerade att få delta i detta projekt och se hela kedjan från idé till färdig 
produkt.  
 
Examensarbetet är en naturlig fortsättning på en design och 
produktutvecklingskurs, SIRIUS, som ALSTOM under 2004-2005 bidrog till 
med ett projekt knutet till verkligheten. Efter kursen ansåg både författarna 
och ALSTOM att de idéer som kom fram under kursen borde gå att utveckla 
mer.  
 
Författarna skulle vilja tacka alla, både på universitetet och ALSTOM, som har 
gjort detta examensarbete möjligt. Speciellt tänker vi då på de medarbetare på 
ALSTOM Power som har engagerat sig i vårt arbete och hjälp oss till 
slutmålet.  
 
 
 
Jörgen Rönnqvist 
& 
Robin Wahlman 



Sammanfattning 
 
ALSTOM Power i Västerås har under en tid undersökt möjligheten att på site 
kunna balansera en generator rotor efter omlindning. Efter omfattande tester 
och undersökningar har det kommit fram att detta är teoretisk t möjligt. Dock 
har man stött på problem när det gäller att montera balanseringsvikter på 
rotorn inne i luftgapet på generatorn. Detta måste lösas för att det 
övergripande målet med balansering på site ska vara möjligt.  
 
Detta arbete är en fortsättning på de resultat som framkom under kursen 
”kreativ produktutveckling” vid Luleå tekniska universitet under 2004-2005 
då en projektgrupp fick samma frågeställning att utveckla.  
Arbetet startade med att analysera denna projektgrupps arbete och resultat. 
Utifrån detta undersöks sedan om några av dessa idéer går att utveckla eller 
spinna vidare på. 
 
Målsättningen med arbetet är att kunna tillverka en fungerade prototyp och 
som därefter ska implementeras i ALSTOM säljorganisation som en av det 
tjänster som organisationen ska erbjuda. 
 
Genom att tillsammans med ALSTOMs egen R&D avdelning diskutera alla 
lösningar har vi kunnat undvika det grövsta felen som kan uppkomma när 
man sammanfogar olika teknikområden. Detta har även gett en inblick hur 
företaget tidigare har tänkt kring dessa problem som uppstår under arbetets 
gång.  
 
Arbetet har följt den produktutvecklingsprocess som ” Karl T. Ulrich and 
Steven D. Eppinger beskriver i sin bok ”Product design and Development”.   
Efter dom första undersökande stegen har vi övergått att arbeta i 3D-miljö 
med programmet IDEAS. Innan prototypen kunde gå till produktion utfördes 
ett antal simuleringar i 3-D rymden för att undersöka att dess fysiska 
begränsningar inte skulle bli ett problem.  
 
Slutligen lades produktionen ut på ett externt företag som specialiserat sig på 
att tillverka prototypmodeller. Med färdig produkt i handen har ett antal 
tester därefter utförts för att verifiera våra simuleringar och antaganden. Då 
dessa tester har utfallit till belåtenhet kommer ALSTOM troligen att införliva 
denna service i sitt tjänsteutbud under 2007.  



Abstract  
 
ALSTOM Power in Västerås, Sweden have for some time investigated the 
possibility to balance a generator rotor on site after rewinding. After extensive 
testing and investigations it was found that it would be theoretical possible.  
One of the problems left to solve was how to mount the balancing weight on to 
the rotor inside the air gap of the generator.  This has to be solved before the 
overhead goal of balancing on site is going to be possible.  
 
This thesis work is a continuation of the results that emerge during the course 
“creative product development” at Luleå Technical University 2004-2005 
when a project group received the same question at issue to investigate. 
The work started with analysing the work and result this group came up with.  
Based on that we analysed if some of the these ideas is possible to develop or 
to be improved. 
 
The goal with the work is to manufacture a prototype that works and be 
implemented in ALSTOM as a service to offer to the customers.  
 
All solutions have been discussed together with the R&D department at 
ALSTOM to avoid the biggest errors that can occur merging different 
technical areas.  This has also given us an insight how ALSTOM earlier has 
thought about some to the problems that we have been facing during the 
work.  
 
The work have followed the product development process designed by Karl T. 
Ulrich and Steven D. Eppinger in the book “Product Design and 
Development”.   After the first investigating steps we started to work in a 3D-
envieroment with the software IDEAS. Before the prototype was sent to 
production a number of simulations in 3D-space was performed to ensure 
that the physical dimensions would not be a problem. 
 
Finally the production was outsourced to an external company specialized on 
making prototype models. With the final product produced a number of tests 
have been carried out to verify our simulations and assumptions. These tests 
have given the results that ALSTOM was looking for and probably during 
2007 ALSTOM will start selling the service balancing on site.  
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1. Introduction 

1.1. Background 
ALSTOM Power Service mainly does maintenance work on turbo 
generators used in power plants all over the world. One of the 
services they perform is rotor rewinding of turbo generators. 
When ALSTOM rewinds turbo generators unbalance will occur in 
the rotor and this cause problem with the function of the 
generator. Therefore all generators need to be balanced with 
balancing weights fastened into the rotor body. At present 
ALSTOM have to disassemble the rotor from the stator, the 
stationary part of the generator, and ship the rotor away for 
balancing. The reason is that ALSTOM is not able to reach all the 
balancing planes on the rotor because of the narrow air-gap 
between the rotor and the stator. Sending the rotor away is time 
consuming and cost the power plant company a severe loss of 
income. 
 
During 2004/2005 as a final course for mechanical engineers at 
Luleå technical university the prototype 1 was developed and the 
outcome of that project was satisfied. The prototype can be seen 
in Figure 1.1. A decision from ALSTOM to continue this work and 
improve the equipment resulted in this thesis work.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.1 Prototype 1 from LTU 2004/2005 
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This Balancing on-site project is mainly focused on air-cooled 
high-speed two-pole turbo generators. Figure 1.2 below shows a 
picture of a typical generator of this type presenting its vital parts.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.2 demonstrate a generator with the main components indicated. 

 
A turbo generators power source is a steam or gas turbine. 
Essentially the generator consist of three main components; rotor, 
stator and exciter – linked to the turbine.  
 

 

Stator (iron core) 

Stator winding 

Rotor 

“Area of interest” 

Fan cover 

Fan 

Exciter 
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Figure 1.3 illustrates a typical turbine – generator shaft system. 
The term ”turbo” refers to the fact that it is a high-speed 
generator, it has nothing to do with for example an automobiles 
turbo. 
 
 
 
 
 
 
 
 

Figure 1.3 Schematic drawing of turbine – generator system. 

 
The rotor body rotates inside the fixed stator and it is connected 
to the turbine on one side and the exciter on the other side. The 
exciters function is to send a current into the rotors copper 
windings (Figure 1.4 underneath) and generating a magnetic field 
with a north- and a south pole in the rotor.  
 
 
 
 
 
 
 
 
 
 

 

Figure 1.4 The windings are held in position by wedges along the rotor 
body and these are locked with the retaining ring and support ring. 

Rotor winding 



________________________________________________________________________ 

________________________________________________________________________ 
 6

The angular shaft motion of the rotor, force the magnetic field to 
rotate thereby inducing a current in the stators winding. This 
current is the power output to the electric grid and depending on 
in which country the generator is located the rotor rotates with 
the speed of 3000 rpm (50 Hz grid) or 3600 rpm (60 Hz grid). 
Due to losses the power generating process create a lot of heat 
around the rotor and in the rotor winding, the heat is transferred 
away with circulating air in air-gaps inside and between the rotor 
and stator. Fans mounted on the shaft of the rotor provide air 
circulation. The rotor winding has direct or indirect cooling 
depending on type of generator. Dimensions and mass of a typical 
rotor is around one meter in diameter, five meters long and could 
weight more than 10 metric tonnes. 
  

1.2. Rewinding of rotor  
 

After a while in use the turbo generators rotor winding need to be 
changed, otherwise efficiency will be reduced. As earlier said this 
is a service ALSTOM carry out and it can be deployed on-site (not 
possible on all generators though) and it takes about a week. 
When finished rewinding the rotor with new windings unbalance 
always will occur in the rotor and this causes serious problems 
with the generators function. It simply cannot reach the rotating 
speed needed for producing electricity. It should be kept in mind 
that the total mass of the windings could be over 1000 kilograms. 
Considering the rotor dimensions and weight, if not balanced, 
vibrations would destroy the rotor bearings. Consequently the 
rotor needs to be balanced with balancing weights attached to the 
rotor body to ensure full functionality and safe operation of the 
generator. 
 
Today ALSTOM cannot reach all the balancing planes when the 
rotor is still inside the stator on-site. Instead they have to take out 
the rotor and send it away for balancing. This theses work task is 
to come up with a solution to this problem. Figure 1.5 show a rotor 
with the balancing planes indicated with dots. 

   

               
Figure 1.5 Typical turbo generator rotor. The balancing planes at the rotor 
body (active part) are not accessible today.
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Balancing of rotor 

 

This section gives a brief description of the balancing procedure. 
When a rotor is balanced, special test-weights of about 100 grams 
each are screwed into holes in the rotor and the amplitude and 
phase of vibration response is measured at the bearings during 
run-up of the rotor. The test-weights are then removed and put in 
another balancing plane. Repeating this procedure for all 
balancing planes eventually gives enough material to calculate a 
so-called reacceptance matrix. The matrix is then used to find the 
optimal balancing weight distribution that minimizes vibrations 
in the rotor at run-up and during operation speed. Residual 
unbalance is checked against ISO-standards and finally, if the 
result is acceptable, the permanent balancing weights are 
positioned and locked in place. On some rotor-types empty 
balancing holes are closed with short screws. An important fact is 
that different generators have different dimension, amount and 
location of balancing holes in the rotor. 
 
It is important to ensure locking of the permanent balancing 
weights since they are subjected to high centrifugal forces at 
operational speed of the rotor. This is done in different ways 
today, the most common way is to utilize a small locking screw 
(“insex” in Swedish) or lock by use of a center punch in the thread. 
The test-weights used in the balancing procedure do not have as 
strict locking requirement, though they should of course cope with 
a run-up of the rotor without falling out. 
 
ALSTOM´s service works include a wide range of turbo 
generators and a lot of dimensions on rotor length and rotor 
diameter exist. For shorter "stubby" rotors a 2-plane balancing 
extinguish the vibrations and unbalance in the generator. This 
operation is possible to do without mounting weights in the 
narrow air-gap.  
 
Rather more difficult, operationally, is it to balance a long rotor 
body in 3 or more planes because the need of mounting weights in 
the air-gap between stator and rotor. This task is impossible to 
solve on site with the rotor inside the stator today. 
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1.3. Physical dimensions 
 

The balancing holes on the rotor are hard to reach because of the 
small air-gap between the rotor and stator. In a generator with a 
rotor length of 4-5m it could be as small as 35 mm, see Figure 1.6 
below. The tolerance of the air-gap between rotor and stator is 
approximately ±0.5 mm. To get a full overview of the operating 
area a 3D CAD model of the generator of interest was created 
using I-DEAS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1.6 Space limitations for the rotor. Review Figure 1.2 on page 4 for 
explanation of where area is sited on the generator. 

 
 
The air-gap for a few larger generators in ALSTOM's fleet is listed 
in Table 1.1. 

Table 1.1. Air-gap for some large generators. 

 
 
 
 
 
 
To access the balancing sites on the rotor the only way at present 
is to go through the rotors fan because the fan-cover is blocking 
the direct way. In our case that would proven to be impossible so 
before the device go in the fan covers has to be removed to get 
access to the retaining ring and the rest of the rotor.  

Type Rotor Diam [mm] Air-gap [mm]
GTL 1200 800 26-27
GTL 1350 900 29-41
GTL 1530 1020 40-50
GTD 1875 1250 47-60

Rotor 

Stator 

35 mm 

44 mm 

50 mm 

R 420 mm 
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1.4. Aim/Goal 
The assignment in this project is to develop a device/method for 
mounting/dismounting and locking balancing weights into the 
rotor body when it is still inside the stator. This project 
concentrate to find a working solution for a generator located in 
Belfort France with an air-gap of 35 mm. But the over all aim is to 
be able to balancing all air-cooled turbo generators, both 
ALSTOM's fleet and the third parts generators.  

1.5. ALSTOM, the company 
ALSTOM is a international company with 70 000 employees in 70 
countries and is listed on Paris stock exchange market. The 
annual turnover is about 13,7 billion euros and the order backlog 
is 27,2 billion euros today. ALSTOM in Sweden employs 800 
people and orders received 2004/2005 is app. 370 million euros. 
 
ALSTOM worldwide is segmented in tree large divisions: 
 
Power: 
The power division provides power plant, see Figure 1.7, around 
the world with turbines, generators and control system. ALSTOM 
also can provide the service on these areas. As the leading supplier 
of environmental control system ALSTOM helps minimize the 
affect on the environment from the power industry. It is in this 
segment that ALSTOM employs the most of its 800 workers in 
Sweden  
 
 
  
 
 
 
 
 
 
 
 

Figure 1.7 Power plant. 
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Transport: 
The second division in the ALSTOM group is transport. Here are 
some of the best and most reliably train produced. Two of them 
are the French TGV (Train á Grande Vitesse) that is the current 
record holder with 515 km/h and in Sweden the Arlanda Express, 
see Figure 1.8. Of course the division also produces metros, trams 
and ordinary commuter trains. Additional to the train the 
transport group also designs and produce signaling for railways.  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.8 Arlanda Express. 

 
Marine: 
The third and last part of the ALSTOM group is Marine. Mainly 
they produce large vessels, both cruise ships and oil tankers. As 
late as 2003 ALSTOM Marine completed the worlds larges cruise 
ship, the Queen Elizabeth II, Figure 1.9.  
 
 
 
 
 
 
 
 
 
 
 

Figure 1.9 Queen Elizabeth II. 
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2. Working method 
 

When developing a new product it is very important to approach 
the task in predefined process. Otherwise is it easy that the time 
limits will stretch and important part goal is delayed. And in the 
end the final product does not come out as good as it could during 
a specific timeframe.  
 
One of these models to follow is "Product Design and 
Development" by Karl. T Ulrich and Steven D. Eppinger [1]. We 
have tried to follow their model as much as possible during our 
thesis work. The main reason for choosing Ulrich and Eppinger 
model was our previous experience with the model, which showed 
that it suited our work style, and we felt comfortable working with 
the model. 

2.1. Design space exploration 
The first phase is pure information gathering. Here we have to 
collect as much information as possible to understand the needs 
and demands of the product before the process of creating 
something new can begin. It cannot be enough said how 
important this part of the project is. The work done during the 
Design space exploration will be the foundation for the product 
that will be created.  

2.2. Road map 
The purpose with the Road map is to evaluate all the information 
gathered during the Design space exploration phase to describe 
why a product is needed, what it should be able to accomplish and 
what demands there is on the product. It is important to 
remember that during the road map we do not want do describe 
the product in a technical sense but rather a functional sense.  
 
We have chosen to divide the road map into two sub-phases, 
Mission Statement and Product Characteristic.  
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2.2.1. Mission statement  
During the sub-phase Mission statement there is a couple of 
questions that we have to answer before the product development 
process can begin.  

 

Product description: A brief description of the 
product. 

 
Key business goal:  What the goals according to 

time, cost and the quality? 
 
Primary market:  Whom is the product directed 

to? 
 
Secondary market:  Is there additional market other 

then the primary? 
 
Assumptions:  Do we have all the facts? Or is 

there some things that we have 
to assume? 

 
Stakeholders:  Who is going to be influenced 

and come in contact with the 
product? 

 
 

2.2.2. Product Characteristic 
 

Due to oscillations in the rotor body during acceleration and 
operation of the generator it needs to be balanced by adding 
weights in the rotor body or nearby (e.g in the fan and support 
ring). Therefore a method for placing and locking balancing 
weights on the rotor while it is positioned inside the stator needs 
to be developed. 
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2.3. Concept Design 
The concept design phase can be divided into three different sub-
phases, Concept generation, Concept evaluation and Concept 
selection. A sketch of how they are linked together can be seen in 
Figure 2.1. 
 
 
 
 
 
 
 
 
 

Figure 2.1 The workflow in concept design.  

 
Concept generation.  
Good concepts can be generated in many different ways. Some by 
pure luck and others by a long-term goal-oriented work. We 
choose to use the later. Therefore was it important to create as 
many different concepts to create one or two that are great.  
 
Mainly we have used brainstorming to generate our different 
concepts. Together with the ideas and experience within ALSTOM 
this has proven to be a god work procedure. If these sessions are 
entered completely unprejudiced one can create the conditions to 
generate a big amount of ideas in a very short time. 
 
Concept evaluation  
The evaluation of the concept from the concept generation phase 
is something that has to be done very careful. It is important to 
see all advantages and disadvantages with a concept and make a 
subjective judgment on all concepts. Usually some kind of 
theoretical approach, with a weighting according to how 
important the function are, are used.  
 
Our work strategy has been to look over all generated concept and 
sort them into two categories, "Rejected" and "Can bee done". All 
the "Can bee done" concept we then look more into and graded 
them according to their function.  

 
 
Concept selection  
Finally we make a selection concept during the concept evaluation 
phase best agree with the demands and specification that are 
made for the product.  
 

 
Concept  
Generation 

Concept  
Evaluation 

Concept 
Selection 
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2.4. Detail design, prototyping and testing 
Finally is time to make a prototype based on the chosen concept. 
It is also in this phase all adjustments to meet dimensions, 
strength calculations and so on will be done. All parts are tested, 
first theoretical with different simulation methods and then 
practical as far as possible to avoid mistakes and discover them 
before the final production starts. Of course are detailed 
manufacturing drawings or 3D-model produced and sends to the 
manufacturer. The last step is to test the manufactured product so 
it fulfills the demands and requirement set up in the road map.  
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3. Design space exploration 

3.1. Benchmarking 
One part in design space exploration is benchmarking. This 
means to collect information about existing solutions and 
competitors. This step is useful to collect information and figure 
out what could be done better. 

 

3.1.1. Existing solution 
Market research and scanning patent databases have not give any 
result and there is no known equipment used by competitors or 
available on the market. The only existing solution today is 
prototype 1 developed in Luleå 2004/2005 as a project course 
created by ALSTOM.  
 

3.1.2. Competitors 
No similar solution to mount balancing weights is published today 
but there might be research and development by competitors not 
known to us. 
 

3.1.3. Conclusion of benchmarking 
Since there is no similar solution existing no benchmarking can be 
conducted in this project. The target is therefore to improve what 
already been done in the earlier project with prototype 1.  
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3.2. Related technologies 
 

3.2.1. Kudar 
Kudar (Control Without Disassemble Rotor), see Figure 3.1, is an 
investigation tool developed by ABB about 20 years ago. This is 
used for checking status on stator and rotor wedges to confirm 
condition on electrical windings in large generators. Investigation 
can be done on site without disassemble the rotor from the stator.  
The tool is guided by wires thru the air-gap and can access wedges 
around the whole air-gap.  
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.1 Kudar sled, here equipped with an ultra sonic device. 

 

3.2.2. Diris 
Another diagnostic tool for inspection is DIRIS (Diagnostic 
Investigation with Rotor In Situ) seen in Figure 3.2, developed 
and used by ALSTOM R&D department in Baden. However this 
equipment does not do any balancing work but the technology to 
get inside the air-gap can get some ideas how to design tools for 
mounting and locking weights in narrow spaces. 
 
 
 
 
 
 
 
 
 
 

Figure 3.2 Diris sled. 
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3.2.3. Other devices 
Monitoring and documentation during investigation are 
important way to convince customers that right decisions are 
taken about maintenance work. Due to the lack of space between 
the rotor and stator some technical aid has to be used to get access 
to the interesting areas inside the generator.  
 
Different kinds of cameras like the video scope shown in Figure 
3.3 are today used by ALSTOM for investigation of the generator 
on site. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.3 Video scope. 
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4. Road map 

4.1. Mission statement 
To define the scope of the development we have discussed tighter 
with ALSTOM and found some key objectives and boundaries for 
the development process.  
 
Product description: Develop a device/method for 

mounting and locking balancing 
weights into the rotor body 
when it is still inside the stator. 

 
Key business goal:  ♦Find a locking method. 
 ♦Make a device small enough. 

♦Find a method to guide the 
device without using the pre 
slots in the stator. 

 
Primary market:  ALSTOM fleet of air-cooled 

turbo generators. 
 
Secondary market:  Other brands of air-cooled 

turbo generators. 
 
Assumptions:  The turbine can be used to run 

the rotor past the critical 
rotation speed.  

 
Stakeholders:  ♦Service technician in the field. 
 ♦Costumers  
 ♦Sales staff within ALSTOM. 
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4.2. Product characteristics 

4.2.1. Demands 
Overall 

• All equipment should be able to operate in the temp range 
20-60°C. 

 
In and out 

• The device has to be able to get into an air-gap of 35mm 
without making any damage on the stator or rotor. 

• The device has to guide on the rotor without using the pre 
slots in the stator 

 
 Mounting weights 

• Possibility to monitor the operation by video or similar 
technique. 

• The balancing weight that should be mounted is a treaded 
M16 with a hexagonal border.  

• Time limit is max 10 min due to the temperature gradients 
in the rotor.  

 
Locking weights  

• Possibility to monitor the operation by video or similar 
technique. 

• No damage can be made on the stator or rotor during the 
process of locking.  

 
Inspection 
All operation that are placed inside the air-gap should be 
monitored and be able to store. 
 

4.2.2. Wishes and "good to have" 
It would be preferable if our solution contains, of as few parts as 
possible, are robust and easy to handle. One other wish is that it 
should be possible to remove a locked weight.  
Another good to have would be if the device could manage to 
operate while the rotor is slowly rotating.  
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5. Concept design 
The design work can be divided in 5 areas. In and out describes 
how to move the device on the rotor surface and locate the 
balancing planes. Mounting weights is how to get the balancing 
weight in the threaded holes along wedges on the rotor. Locking 
weights is the operation to lock and secure the weight when it is 
mounted. Monitoring operation is a procedure to confirm that the 
mounting and locking have been done correctly. And final the 
Interface area is how to operate the whole balancing procedure 
with steering units, power supply etc.  
 
Experience from prototype 1 is important to consider and are 
implemented in this project. Also new concepts are generated and 
compared with solutions on prototype 1 to get the best result.    
 

5.1. In and out 

5.1.1. Concept generation 
This chapter handles suggestions and possibilities on how the tool 
can reach and be fixed above the balancing holes along the rotor 
wedges inside the air-gap. 
 
Divided rods 
This is a very simple solution how to move the tool back and 
forward on the rotor surface. Short pieces of rods (app. 500 mm), 
see Figure 5.1, are attached on the tool by rod connectors and to 
get deeper inside a serial of rods is connected.  
 
 
 
 

Figure 5.1 Divided rod 
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Wheels or tracks 
A self-going tool with rubber tracks or wheels driven by an 
electrical motor. A similar solution already exists in investigation 
tools from DIRIS see Figure 5.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.2 Tracks power the Diris sled 

 
Lines and wires 
Two parallel lines or wires are attached on each side of the stator 
by a drum and the tool is guided back and forward when rotating 
these drums, see Figure 5.3. This is the solution used in KUDAR 
to guide the tool. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.3 The rail used with the Kudar sled. 
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Magnetic guidance 
The idea is to use the self-centering phenomenon with a 
permanent magnet. The tool is guided on the rotor iron core 
above the milled rotor teeth with magnets, strived to self-center to 
the middle of a rotor tooth. The idea is presented in Figure 5.4. 

 
 

 
 
 
 
 
 
 
 
 

Figure 5.4 Sketch of self-centering with magnets. 

 
Air bellows 
A bellow is an inflatable device that will expand in a given 
direction when inflated 
 
To lock and secure the tool from sliding off the rotor surface an air 
bellow can do the work. Mounted on the tool it is filled with air to 
make pressure against stator surface and friction force will lock 
the tool, see Figure 5.5. 
 

 
Figure 5.5 The Principe of using a bellow. 
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Electromagnetic locking 
An electromagnet uses electricity, an electrical current gives birth 
to a magnet field. This effect can be substantially magnified if a 
conductor is winded around a core of iron. Small electromagnets 
are built in the tool and when positioning is ready a switch get 
power and clamp the magnets against the rotor iron core. 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.6 Electromagnet comes in many different shape and sizes. 

 
Lift mechanism 
If the tool is divided in two parts a pneumatic cylinder will 
accomplish clamping force by a link mechanism. By using an 
electric motor instead and translate a rotation to linear movement 
same function will be achieved. 
 
 
 

Suction cups 
A suctions cup use a vacuum created by an ejector and ordinary 
industrial compressed air. The cups it self come in many different 
sizes and shapes. Depending of the size of the cups and 
smoothness of the surface they can lift from a couple of grams to 
hundreds of kilogram. Some different types of suctions cups are 
presented in Figure 5.7. 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.7 Different kind of suction cups. 
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5.1.2. Concept evaluation 
The concept generation phase with brainstorming and discussion 
concluded in some ideas to analyze and compare. The outcome of 
this evaluation is presented in this chapter. 
 
Divided rods 
This concept is very simple and easy to handle and already used in 
prototype 1. No complicated solutions with electrical motors and 
steering devices. Just connect pieces of rods to reach desired area 
inside the air-gap. 
 
Wheels or tracks 
Only using the rotor surface and no guidance on stator can cause 
problems with steering alignment. The wheels or tracks must be 
exactly parallel to avoid sliding of the rotor and get out of the 
working area. This kind of robot is also complicated and not 100% 
reliable. A malfunction inside the air-gap can cause big problems. 
 
Lines and wires 
Since this is already used in the KUDAR concept it is reliable and 
safe. One disadvantage is the big preparations to mount the wire 
system. It is necessary to open the hatches on both sides on the 
generator to access the air-gap from each end. Furthermore the 
equipment must be disassembled before every run up of the rotor 
and this costs a lot of valuable time.  

 
Magnetic guidance 
With magnetic guidance the tool is independent of the stator. 
Using neodymium magnets and small ball transfer units under 
the tool it will guide properly against the rotor. Only the wheels 
have contact with the rotor to minimize friction. A big advantage 
with this concept is a simple construction without any need of 
electrical power or other complicated solutions to stay on track. 
 
Suction cups 
The suction cups are made of rubber and we will not have to 
worry about scratching the surface of the rotor. It is also possible 
to develop a great deal of clamping using an ejector 
 
The drawback of using suctions cups is that same rotors have 
radial air-cooling holes and if we place a suction cup on one of 
these holes we will not get any clamping force. 
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Air bellows 
Bellows where discussed in the early concept phase of prototype 1 
but where rejected because there was not any bellows small 
enough. But Firestone has now made some development on this 
area and they have just released a bellow with the height of only 
16mm. See Figure 5.8. One advantage of using bellows is that it 
would be insensitive for the radial air-cooling ducts.  
 
 
 
 
 
 
 
 
 

Figure 5.8 Air-bellow from Firestone that are just 16mm in height. 

 
Electromagnetic locking 
In prototype 1, electromagnets were used for fixation of the 
device. This has proven not to be as effective as we hoped. The 
main problem is the radius of the rotor. If the spacing between the 
rotor and the magnet is 0,1mm then the magnet looses 50% of its 
force. Another thing that created problems was the non-magnetic 
wedge. A third problem with magnets is that it is hard to find a 
magnet with the right dimension, less then 25 mm in height. 
 
Lift mechanism 
Using an electric motor to make clamp force may be risky if the 
power supply is broken when the sled is inside the air-gap and 
fixed. Instead, using a pneumatic cylinder and a loss of 
compressed air or vacuum happens the mechanism will loose 
clamp force and the possibility to remove the sled out of the air-
gap is much higher. 
 
One disadvantage is to construct the mechanism. Limitations in 
space and a lot of parts to make the device functional may cause 
problems.  
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5.1.3. Concept selection 
The final step in this concept generation and evaluation is to 
choose the most appropriate solution for how to get inside the air-
gap and fixate the tool along the rotor wedges. To be sure the right 
solution is chosen a table of all ideas is put together (see Table 
5.1). Four important criteria are compared between each one of 
the concepts. The outcome of these comparisons will generate the 
most suitable solution for the area In and out. 
 

Table 5.1 Matris 

In and out Complexity Maneuverability Failsafe Size Sum 
Divided rods 4 4 4 5 17 
Wheels or track 2 3 2 3 10 
Liner and wires 4 5 3 1 13 
Magnetic guidance 5 4 4 4 17 
Fixation      
Air bellows 5 4 4 3 17 
Electromagnetic 
locking 

2 3 1 4 10 

Lift mechanism 1 2 1 2 6 
Suction cups 5 4 2 3 14 
 

 
Analyzing this table will show that a combination with divided 
rods, magnetic guidance and air bellows is the most suitable 
combination for moving the tool and fixate above a balancing 
hole. It has high maneuverability, is failsafe and not complicated 
regarding function.   
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5.2. Mounting weights 
 

5.2.1. Concept generation 
Part 2 in the balancing operation is how to get the weight 
(M16x20mm) into the threaded holes along the rotor wedges.  
 
Worm gear 
The idea with a rotating cylinder and piston driven by a worm 
gear was brought out during concept generation in prototype 1. 
When testing this tool in may 2005 it appeared to be functional 
and safe and due to the time limit the development process will 
start with that concept, seen in Figure 5.9. 
 
 
 
 
 
 
 
 
 

Figure 5.9 Sketch of worm gear concept 

 
Some detail improvements regarding control system for position 
of balance weights must be done. In prototype 1 an electric 
measure system provides the position, see Figure 5.10, off the 
weights in the balancing hole. A requirement on prototype 2 is 
that fully visual control of mounting and dismounting weights is 
achieved. A conceivable solution to get control over the mounting 
operation is to get a camera close to the balancing screw and to do 
this the mounting tool must be constructed smaller.  
 
 
 
 
 
 
 
 
 
 

Figure 5.10 Sketch of positioning system in prototype 1. 
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Driving unit 
Prototype 1 has a flexible shaft, seen in Figure 5.11, connected to 
the worm gear and a drilling machine in the other end. This 
driving shaft is very stiff and clumsy to use and the smoothness 
with the mounting tool is lost. One idea is to use a small dc motor 
built in the screwing tool to support the worm gear. This will 
make the tool more flexible and easier to handle when getting 
inside the air-gap. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.11 Flexible shaft from prototype 1. 
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5.2.2. Concept evaluation 
 
Worm gear 
To get the screwing tool more compact than prototype 1 another 
set of gear unit is needed. A smaller worm wheel results in lower 
ratio in the gear but there is no moment involved when screwing 
down weights so this solution is possible. Another thing to 
consider is the shape and size of the cylinder/piston, seen in 
Figure 5.12. The four-clover design in prototype 1 was used 
because the combination of spring loaded piston return and 
ability to transmit moment in the screwing down process. A 
hexagonal design will get a smaller solution and using vacuum 
instead of springs to achieve the piston return.  
 
These two changes in design will end up in a smaller and more 
tightly tool and the possibility to get a camera close to the 
balancing weight. 
 
 
 
 
 
 
 
 
 
 

Figure 5.12 The piston from prototype 1 to the left and the new cylinder and 
piston to the right. 

 
Driving unit 
A built in dc motor in the tool supporting the gearbox will make 
the tool more flexible. Instead of a stiff flexible shaft only thin 
power supply cables to the motor is needed. Using a motor with 
crypto-gear, see Figure 5.13 together with the worm gear unit will 
produce a steady rotating motion to screw down the balancing 
weight. One disadvantage with this solution could be malfunction 
with the motor when screwing down the weight but similar 
problems can occur even with the flexible shaft.  
 
 
 
 
 

Figure 5.13 Micro DC-motor. Total length 35mm inclusive gearbox. 
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5.2.3. Concept selection 
To fulfill the demand of visual control during 
mounting/dismounting balancing weights a camera is needed. To 
achieve this goal the size and shape of rotating cylinder/piston 
and gearbox must be optimized. The idea with hexagonal shape is 
to minimize the diametrical dimension on cylinder and still be 
able to rotate together with matching piston. This solution 
together with appropriate worm gear will make it possible to 
integrate a small camera close to the rotating unit and supervise 
the operation.  
 
Our previous concept choice with magnetic guidance to transport 
the tool against rotor surface might end up in using dc motor as 
driving unit. Because the stiffness and thickness with flexible shaft 
it can cause problem with linearity and disturb the magnetic force 
that will center the tool.  
 
However the concept selection in the area Mounting weights will 
be rotating cylinder/piston with hexagonal shape, suitable worm 
gear unit supported by a crypto-gear dc motor.       
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5.3. Locking weights 
 

5.3.1. Concept generation 
In this section we will present the concept of locking the 
weight/securing it from turning after it has been screwed down to 
the right height.  
 
Scale hammer  
A scale hammer, seen in Figure 5.14, is used to deform either the 
balancing weight it self or the material in the wedge. 
 
 
 
 
 
 
 
 

Figure 5.14 Ordinary scale hammer. 

 
Hydraulic 
A hydraulic cylinder inside the air-gap, using the stator surface for 
press subsidy and make a punch in either the wedge or balancing 
screw. Below is a sketch of the fundamentals with hydraulic. What 
is gain in strength is lost in distance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.15 The concept of hydraulic. 

 
Explosives 
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Some sort or explosives should be able to "shoot" a punch mark. A 
similar application is the Powder Actuated Fastening Tool use at 
many construction sites around the world.  
 
 
 
 
 
 
 
 
 
 

Figure 5.16 Powder actuated fastening tool. 

 
Welding  
One idea could be to, with ex. a welding equipment melt a part of 
the top thread and let it float into a hole in the balancing weight. 
 
Heat/Cold  
The idea is to use the material property that make a material to 
change size due to the temperature of the material. After screwing 
down a cooled balancing weight it should expand in the balancing 
hole and due to the expansion lock.  
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5.3.2. Concept evaluation 
 
Scale hammer  
On the positive side is that ordinary industrial air, common at 
every plant, should be able to use. Because of the high frequency 
of the hammer the force that hit every time does not have to be 
that large. And of course counter force, that holds the sled in 
position, does not have to be that big either. 
 
On the negative side we can place the vibration that occurs due to 
the high frequency. We also had problem to find an existing 
hammer that where small enough. During our test, presented on 
page 49, we found it also hard to reach a sufficient repeatability.  
 
Hydraulic 
Hydraulic cylinders works under a very high-pressure witch 
enable it develop a large force in very small applications. Usually 
hydraulic cylinders are powered by oil but can also be powered by 
glycol that can be better suited for some environments. The 
operation it self is easy to control and monitor. The operation can 
also be done many times with the same results.  
 
On the downside for hydraulic lies that the oil hosing to the 
cylinder not are that flexible without pressure and very stiff when 
pressurized. Of course the risk of leakage has to be considered but 
with modern valve and constant maintenance that risk will be 
minimized.  
 
Explosives 
Explosives will generate a lot of force in a very small package. 
That means that our device can be smaller and fit in a smaller 
compartment.  
 
Of course there is some problems with discharging explosives in 
the air-gap. Due to the rapid burning time of explosives it also 
makes it very hard to control its course of events. 
 
Welding  
It would be possible to create rather small equipment for welding 
and in that way make a smaller device. On the other hand is the 
problem with high voltage cables and transformers outside the 
air-gap. Another problem would be the fumes and sparks from the 
welding that possible could damage the inside of the stator.  
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Heat/Cold  
If this would work no additional locking device has to create the 
locking. Just screw down the balancing weight. 
 
The problem is to cool down a balancing weight enough to create 
the clamping/locking force. Perhaps a different material for the 
weight has to be considered. Table 5.2 shows some materials with 
a high heat expansion factor and that also has sufficient strength. 
 

Table 5.2 Expansion factor for some materials. 

Material 
Expansion 

factor 
[10mm/°C] 

Zinc 29.7 
Aluminum 24 
Epoxy (Polymer) 22.2 
Cristobalite (Ceramic) 50 
Steel (reference) 13 

 
 
A weight entirely made of Cristobalite would expand by 0,16 mm 
(diameter) when heated 200 °C. Even if the holes and weights 
were manufactured with high tolerances the risk of getting stuck 
half way down the hole would be substantial due to the high heat 
conductivity of the rotor.  

5.3.3. Concept selection 
Finally we have to choose a concept based on how well the 
concepts live up to the demands and findings during the Road 
map. To be sure that all concept are individually graded a table is 
constructed and the most suitable concept will be chosen. See 
table 5.3. 
 
We have found five different areas that are important for the 
choice. These are:  

• Can the operation be monitored and controlled?  
• Will customers trust this solution?  
• Simplicity 
• Size 
• Can that operation be repeated over and over again? 
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In we have a scale going from 1 to 5 where 5 is the most suitable 
for our purpose. 

Table 5.3 Locking methods. 

 Controlled Trust Simplicity Size Repeatability Sum 

Scale 
hammer 

3 5 3 2 2 15 

Hydraulics 4 5 3 3 4 19 
Explosives 1 3 2 4 3 13 
Welding 3 4 2 2 4 15 
Heat/Cold 2 2 4 5 3 16 

 
Looking at these parameters the choice will be some kind of 
application with hydraulic locking or a scale hammer to secure the 
weights. Some tests will be done (See chapter 6) to confirm witch 
one of these concepts that is most suitable for the task.   
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5.4. Monitoring operation 

5.4.1. Concept generation 
Monitoring process includes visual control during mounting and 
locking operation. When all balancing weight are mounted and 
locked a visual control along each wedge containing weights must 
be done. This check might be recorded/stored as a quality 
document for the customer.  
 
Fibre optics 
Due to the small size of the camera lens on fibre optical cameras 
we thought that it would be suitable for our application. The 
service department at ALSTOM already owned and used an 
Olympus video scope with a lens diameter of 6mm, seen in Figure 
5.17. 
 
 
 
 
 
 
 
 
 

Figure 5.17 Lens of a video scope is not bigger than 6 mm in diameter. 

 
Micro camera 
Another conceivable solution might be a small micro camera. This 
is a camera that easily can be connected to an ordinary laptop 
with a TV card. The smallest one found on market today is about 
22x25 mm (Figure 5.18) and supplied with 12 V DC. 
 
 
 
 
 
 
 
 

Figure 5.18 Super mini series cameras from KT&C. 
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Mirror 
Using a mirror inside the air-gap and have a camera or binocular 
outside can be possible to see the result. Some early prototype of 
DIRIS used this technique and has been proved to work. Figure 
5.19 show how that idea could work.  
 
 

Figure 5.19 Mirror as a concept for inspection. 

5.4.2. Concept evaluation 
Considering all information about these generated concept 
evaluation is done and a final solution is chosen. 
 
Fibre optics 
One of the advantages with the video scope is that the end of the 
lens can tilt approx 90 degrees in all direction. Also the video 
quality is very high and it is possible to take pictures and save 
them onto an ordinary Compact Flash (CF) memory card. The 
fibre optic technique it self provides the light to record the 
operation and no additional lighting is needed. 
 
The largest drawbacks with the video scope that we found has be 
that the fibre cable itself is reinforced and this makes it rather stiff 
and hard to handle. Another problem is that the case that contains 
the lamp and the entire processing device are large as a small 
suitcase. This can cause problems to us when we constantly try to 
minimize our equipment. 
 
Another disadvantage for the fibre optic is the prize. An ordinary 
inspections equipment cost approx 35 000 €.   
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Micro camera 
The advantage of a micro camera is that it is a "true" video 
camera, which means that no additional equipment except a 
monitor is needed to view the recording. Add to that a relatively 
small size, just a thin flexible cable connects the camera with its 
power supply and the monitor. Being a consumers product means 
that its relatively cheep also, approx 100€ and can be very quickly 
replaced if needed. 
 
On the negative side is that the camera produce a lot of heat 
during the operation and needs some ventilation. The camera is 
not equipped with auto focus either, this is not a problem for us 
thou because of the focus in the device will be at the same distance 
at all time. 
 
Mirror 
The use of an ordinary mirror really just has one big advantage 
and that is the lack of all technical gadgets. It does not need a 
power supply, and it is so simple anybody can figure our how it 
works. But it’s very hard to operate and document the work done 
with a mirror.  
 
It has been tried before on DIRIS and worked but we would be 
forced to use a binocular. 
 
The conclusion has to be that it can be done, but it has its 
drawback. For one it would be real hard to document the 
operation. 
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5.4.3. Concept selection 
The choice of camera is dependent on size, interface, quality and 
price. Table 5.4 shows these parameters compared to each other 
where grade 5 is the best.  
 

Table 5.4 Viewing methods 

Size Interface Quality Price Sum 
Fibre optics 5 3 4 1 13
Micro Cameras 3 4 3 4 14
Mirror 3 1 2 1 7  
 
Considering these parameters the choice will be micro camera. 
The mirror concept would be difficult to implement because 
sensitive adjustments with binocular. It might also be difficult to 
operate the tool and have visual control at the same time. Pure 
technical, the fibre optic is a good choice but has two major 
drawbacks, it is heavy and has a large interface and the high price 
is enough to select another concept.  
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5.5. Interface 
This part, as mention before, contains the different "gadget" that 
will be used to control our device. Mainly there is one area that 
has been looked into, visual display. This has to be designed so the 
service technician as easily as possible can put their main focus on 
doing their task and not how to operate it.  

5.5.1. Concept generation 
 
Ordinary video monitor 
 There are a number of different video monitors on the market, 
ranging in size from 2". These monitors can easily be connected to 
our cameras without going trough any amplifier or similar 
equipment.  
 
 
 
 
 
 
 
 
 
 

Figure 5.20 Surveillance monitors come from 2" to 40". 

 
 
 
 
Gaming VR monitors 
Another application that we thought might be suitable for our use 
is the VR monitors that have been released to the market the last 
years. Mainly they are for gaming and particular for 3D point and 
shoot games.  
 
 
 
 
 
 
 
 
 
 

Figure 5.21 Gaming VR monitors 
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Almost all new laptops come with TV-IN and by that way we 
would be able to display our camera picture. If a TV-IN is missing 
there are external USB devices that can act as a TV-IN card.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.22 Laptop with TV-in could be used for visualization or recording. 

 
 
 
One eye video monitor 
Helicopter pilots that had to receive vital information without 
looking down on the dashboard first used this application. 
Nowadays it has spread to many different areas, medical, military, 
police, field service and many more. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.23 One eye monitor. 
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5.5.2. Concept evaluation 
 

Ordinary video monitor 
This is the most common way of displaying a video picture and 
will deliver the best quality picture. The development of flat 
screen the last years has really expanded the areas of use. 
 
The drawback of monitors is still that it is rather large. The 
monitor also has to have a power supply. But the main object we 
have is that the technician has to turn his head away from the area 
of interest to see the monitor screen.  
 
Gaming VR monitors 
With the eyes completely surrounded by the monitor two things 
can happen. Either will the person wearing the monitor be more 
focused to the task in hand or a feeling of disorientating can occur 
when the operator cannot see the surroundings and in our 
application it would be hard to handle the control box if the 
monitor blinds the technician.  
 
Laptop 
With a laptop come all the problems that an ordinary video 
monitor has. But it also has one big advantage and that is that its 
possible to document what is on the screen. Either by screen 
capture or by recording the live feed.  
 
One eye video monitor 
With the one eye video monitor the technician would have the 
picture right in front of him whatever direction he looks and still 
be able to work with his hands in front of him. The monitor has 
full TV resolution 640x480 lines.  
 
Of course does the one eye monitor also have its drawback. It is a 
relatively new technique and most people that have not tried it 
can find it difficult to focus on the small (1x1 cm) LCD monitor. 
Another thing, which also goes for the other concepts, is that the 
technician has to have a cord to the camera. Being a very high-
tech solution can also make it risky in the sense that many things 
can go wrong.  
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5.5.3. Concept selection 
We have chosen the one eye video monitor for our device. Mainly 
because it allows its user to both handle the control box and at the 
same time see what happens in the air-gap. The device is also very 
small and will not be in the way during the operation 
 
 

5.6. Final conclusions of concept design 
The outcome of concept selection in all 5 areas is a working model 
how to carry out the whole balancing operation. Some testing and 
simulations among these concepts will be done and are presented 
in chapter 6. 
 
Next step in this working method is detailed design and before 
this is started a discussion with technical advisors in ALSTOM 
was held. Questions to be answered was: 
 
- Is it possible to do 3 separate operations, mounting, locking and 
monitoring? 
- Is it acceptable to have 3 separate and independent tools? 
- Can we use the stator surface to make pressure for a locking 
punch? 
 
This discussions generated in 3 separate tools, and possibility to 
do each moment separately before a run up of the generator. 
Contacts with ALSTOM in France describe a tool designed for 
pressurizing the stator wedges using hydraulic force so the 
possibility with hydraulic punch exists. Detail design will give the 
geometry to perform an analysis regarding stress concentrations 
and deformation on the rotor surface. (See appendix 1). 
 
The interface area with wiring and control system for the tools is 
handed over to Cebec AB in Västerås and is optimized for easy 
using.  
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6. Simulations and testing 
 

6.1. In and out 
One of the biggest challenges during the product development 
phase was to ensure that our application would be able to reach 
the designated area of interest. The most critical passage is leaving 
the retaining ring and going on to the active area of the rotor, seen 
in Figure 6.1.  
 
 
 
 
 
 
 
 
 
 

Figure 6.1 Passage between rotor and retaining ring. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.2 Prototype 1 passing the critical area during testing. 

To be completely sure that no problem would submerse we hade 
to find some theoretical conformation that we would get passes 
this passage. It proved to be a very difficult theoretical problem 
because it has to be approached as a 3D problem. It is not just the 
diameter of the stator, rotor and retaining ring; that form the 2D 
air-gap shown in Figure 1.6, also the radius of them has to be 
considered.   
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The solution was to create a 3D-model of the different parts in 
UG’s NX3 and make a 3D-contact analysis and simply try what 
the maximal dimension could be. After the final design was made, 
the contact analysis was again tested with a satisfying result.  
 
As the reader might recall from the specification of the device, 
that the device is not allowed to support it self against the preslots 
in the stator as prototype 1. Because of this we had to come up 
with an idea that guide the device and make it go straight on the 
rotor to prevent it from “sliding off”. We have found a number of 
possible solutions during the concept generation and the ones 
found most interesting where also tested in a smaller scale just to 
evaluate how well it works for real.  

6.1.1. Wheels 
Our first idea to make our sled move straight in the axial direction 
was to put wheels on it, see Figure 6.3.  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.3 Test sled with wheels. 

 
We both tried to align the wheels straight and with a bit of toe-in, 
the same way model-cars use to steer straight. Unfortunately it 
showed that just a slight influence would make the sled go awry 
and soon slip of the rotor.  
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6.1.2. Slides 
Also a sled with a smooth underneath was created and tried. This 
where more done like a compared test to see how hard it would be 
to steer the sled without any steering except for the rod.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.4 Test with smooth undercarriage was made on a scraped rotor. 

 
It showed rather quickly that it would be impossible to use the 
sled without any steering. After just 1 meter it get unstable and 
starts to slid to the left or right and finally slides of the rotor.  
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6.1.3. Magnetic guidance 
A small mockup-sled with adjustable magnets was also created 
and was tested on a scraped rotor like the rest of the ideas.  
 
By adjusting the distance between the magnets we could see a 
change in the force that adjusted the magnet, see  
Table 6.1  It showed that we would get the maximal adjustment 
force if the magnet were placed on the brink to the magnetic 
material.  
 
 
Table 6.1 Tangentially restoring force as a function of distance from  
               wedge center or rotor.   
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To show that the method was reliable, and that we could be sure 
that it always would adjust the sled to the same spot, we attached 
a pencil and made the sled go over a piece of paper taped to the 
rotor. Of the 10-15 tests that we tried it looked like it was just one 
line, see Figure 6.5. That was the result that made us sure that the 
method was right for this application.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.5 The test rig and the results from test with magnetic guidance. 
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6.2. Mounting weights  

6.2.1. Worm gear 
In prototype 1, the worm gear concept worked very well. Because 
of that we have taken that principle and scale it down to fit the 
new dimension of the sled. Only some verifying test with 
prototype 1 has been made with satisfying results.  

6.3. Locking weights  
During the Design space exploration we found out that both 
ALSTOM and its costumers wish for a demodulation way to lock 
the weights. We choose to penetrate two of the ideas from the 
concept phase a bit deeper.  
 

6.3.1. Scale hammer 
The idea was to have a scale hammer to hit many small blows and 
that way deform either the weight it self or the wedge. The test 
was preformed with a ordinary small handheld scale hammer just 
to see if it was possible. The results can be seen in Figure 6.6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.6 Test results for scale hammer 

 
The weight has clearly been deformed as we can see in the picture. 
Test showed that a significant torque has to be applied to loosen 
the weight. Unfortunately created the scale hammer very high 
vibrations so that the weight turned 1,5 laps before it hade been 
deformed sufficiently to stay still. It is also unsure if the rest of the 
construction will be able to repeatedly handle that amount of 
vibrations. 
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6.3.2. Hydraulic punch 
Next concept we looked into more closely where to use a hydraulic 
piston to create the punch similar to the one that is used today on 
the rotors. To proceed with this idea we had to find out how large 
force that was needed to create a punch that was large/deep 
enough.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.7 The hydraulic press at ALSTOM 

 
To our disposal was a wedge of the same kind as on the interesting 
rotor. To create the force an ordinary hydraulic press was used. 
The arrangement can be seen in Figure 6.7. 
 
We also examine two different punches and how they contribute 
to the final result. The result showed that with a force of 
approximately 15kN will create a punch mark that will prevent the 
balancing weight from turning, the locking that we are searching 
for.  
 

6.3.3. Inspection  
Already during the design space exploration phase it was found 
that it where required to have some form of live visual inspection 
device. During the project three solutions have been looked at in 
the evaluation process. These three are Fibre optics, ordinary 
micro cameras and mirrors. 
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Fibre optics  
To try the wide angel of the video scope and cameras a model 
made of foam was created. Later a 3D-model in plastic was 
printed to be able to do some more precise test. The model where 
created with the relative new techniques of 3D printing. These test 
showed that a video scope has many advantages but also some 
disadvantages compare to ordinary video camera techniques.  
 
 
Micro Camera 
At our disposal was one rather small (26x26mm) camera. This 
camera was used to create a comparison with the video scope. The 
camera was tested in the same way as video scope with both a 
model made of foam and the more precise model of plastic. Both 
models can bee seen in Figure 6.8 
 
 
 
 
 
 
 
 

 
Figure 6.8 Two of the mockups used during the design work. 
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7. Detail design 
 

This chapter describes the detail design process and outcome of 
this work will be a graphic visual prototype. During simulation 
and testing in chapter 6 a contact analyze was done to get the 
limitation in space for the tool to get inside the air-gap. This 
analyze gives condition how to design the tools and be sure that 
they physically can pass thru the narrow inlet and over the 
retaining ring (see Figure 1.6).  
 
When designing these applications some rules must be followed 
such as simple function, few parts and possibility regarding 
manufacturing and assemble. The main idea is to design 3 
separate tools with magnetic guidance and to make these as 
flexible as possible they must be designed with 3 modules and 
joints between, see Figure 7.6, to be able to slip through and get 
inside the air-gap. 

7.1. In and out 
In the concept design process a solution with divided rods for 
moving, magnetic force for guidance and air bellows for fixation of 
the tool was chosen.  
 
The auxiliary accuracy when moving the tool along the rotor gives 
us the opportunity to simplify fine adjustment operation. In 
prototype 1 an auxiliary and radial adjustment was needed to find 
the requested balancing hole but magnetic guidance do not need 
these applications to work. Magnetic force in radial direction and 
possibility to fine adjustments in auxiliary direction only with 
rods also eliminate air bellows for fixation. The final design can be 
seen in Figure 7.1. 
 
 

Figure 7.1 Magnetic sled 

 



________________________________________________________________________ 

________________________________________________________________________ 
 53

7.2. Mounting weights 
The screwing device is constructed as a "gear house" with built in 
worm gear, dc motor, monitoring camera and cylinder/piston. 
This is a very safe solution with all parts protected against 
external influence.  
 

 
 
 

 
Figure 7.2 Mounting device, here seen without the upper half.  

 
The dc motor is connected directly to the worm screw in a line up 
shown in figure 7.2 and is fixated with friction when upper half is 
mounted. In the rectangular pocket a camera is mounted and 
focus on the threaded hole in the wedge when this is located 
underneath the device. Size of this tool is 58x95mm and a height 
of 28mm with top part mounted. 
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7.3. Locking weights 
After the concept selection on locking weights we found that a 
damaging concept was our best choice and the method that was 
most likely to be approved by costumers was to create a punch 
with hydraulic. Contact with a leading hydraulic manufacture, 
POWERTOOLS, was taken and based on the concept they have 
produced their smallest telescopic hydraulic cylinder ever, total 
height of 31mm, seen in Figure 7.3. 

 
Figure 7.3 The locking tool. The punch can be seen a few mm offset from 
the center. 

 
The reason why we wanted the cylinder to be telescopic is that the 
first part will lower and center the tool in the hexagonal boundary 
on the weight. Then the second part of the cylinder will press out 
and an offset punch will create the actually demolition of the 
wedge. The force to create the punch was measure to approx 
15kN, as seen in chapter 6. This applied to the dimension of the 
cylinder, the pressure inside the cylinder will be around 165 bars. 
A technical report in appendix 1 will show what kind of material 
we can have to protect the stator core when applying appropriate 
force. 
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The punch will be manufactured in 3 different angels and later 
test will show witch gives the best results. Of course the punch will 
be easy replaceable by just using a wrench. The punches can be 
seen in Figure 7.4 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.4 Punches with different angel on the top. 

 
The dolly for the cylinder will be the stator. As mention before the 
stator is build by thin plates of metal that are painted individual to 
ensure that two plates will not short circuit. This means that the 
device has to take extreme care so the plates are not scratched and 
thereby create a short circuit. To prevent this, the back of the 
hydraulic cylinder will be vulcanized with rubber. (See technical 
report in appendix 1).  

7.4. Inspection 
This inspection module is only used for monitoring and checks the 
result after mounting and locking all balancing weights, it is 
designed as a protected box with built in camera, see Figure 7.5.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.5 Inspection sled 
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7.5. Final design 
The outcome of this design work is 3 separate and independent 
tools, seen in Figure 7.6, that will be able to mount, lock and check 
result of each weight during a balancing operation. Every tool is 
based on 4 modules. 2 separate magnetic sleds, operational 
module in the middle and connectable rods to transport the 
device on the rotor surface. 
 

 
Figure 7.6 From left to right, Monitory, locking and mounting. 

 



________________________________________________________________________ 

________________________________________________________________________ 
 57

8. Manufacturing and testing 
This chapter describes the procedure on how to create a 
functioning set of tools from a virtual model designed in I-DEAS. 
Important steps are: create drawings, negotiate with sub 
contractors, assembling and finally some testing to confirm 
functionality of the product.  

8.1. Final drawings 
When detail design work is done and approved by Alstom the next 
step will be to generate 2D drawings for manufacturing. This task 
is easy when working in IDEAS. From 3D model building 
described in chapter 7 associative 2D drawings is created for each 
part. When they are reviewed and approved they finally is checked 
in TEAM CENTER 1  and a set of copies is printed for invite 
tenders.  

8.2. Sub contractors 
Early in the detail design phase a hydraulic expert, POWER 
TOOLS AB in Enköping was involved for construction of a 
telescopic hydraulic cylinder. From a established geometry on the 
cylinder they have to implement all parts and function as pistons, 
piston stroke, oil channels, sealings, etc. (see Figure 8.1) 
 
 
 
 
 
 
 
 
 
 

Figure 8.1 Section of the hydraulic cylinder. 

 

                                                 
1 TEAM CENTER is the system ALSTOM use to organize and update all their drawings. 
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Remaining parts beside the hydraulic cylinder are manufactured, 
see Figure 8.2, at CONRIT AB in Västerås, a workshop that have 
all equipment for milling, turning, drilling, sparking etc. One 
advantage is to have sub contractors close because the ability to 
visit and discuss eventually problems during manufacturing. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.2 Finally the parts are manufactured at a local sub contractor. 

 
 
 
For more information about these companies please visit their 
websites: 
 
www.conrit.se 
 
www.powertools.se 

 

http://www.conrit.se
http://www.powertools.se
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8.3. Assembly 
 

Beside all manufactured parts there is components like cameras, 
valve plates, bearings etc included in this product and a bill of 
material is presented in table 8.1-8.4 for each tool. 
 

Table 8.1 Mounting module 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 8.2 Locking module 

 
 
 
 
 
 
 
 
 

Table 8.3 Monitoring module 

 
 
 
 
 

Mounting module
Part Quantity Supplier

Housing-bottom 1 Conrit AB
Housing-top 1 Conrit AB
Cylinder 1 Conrit AB
Piston 1 Conrit AB
Shims washers 2 Conrit AB
Locking washers 3 Conrit AB
Top bussing 1 Conrit AB
Bottom bussing 1 Conrit AB
Magnet washer 1 Conrit AB
Covering washer 1 Conrit AB
Worm screw 1 Translev AB
Air nipple 1 Etab AB
Worm weel 1 Translev AB
DC motor 1 Elfa AB
Neodymium magnets 2 Svenska Magnet Fabriken AB
CCD camera 1 Svensk Säkerhetsvideo AB

Locking module
Part Quantity Supplier

Hydraulic cylinder 1 Power Tools AB 
Hand pump 1 Power Tools AB 
Hydraulic tube (10m) 2 Power Tools AB 
Bayonet coupling 4 Power Tools AB 
4/ 3 valve 1 Power Tools AB 

Monitoring module
Part Quantity Supplier

Camera housing 1 Conrit AB
CCD camera 1 Svensk Säkerhetsvideo AB
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Table 8.4 Magnetic sled 

 
 
 
 
 
 
 
 
 
 
 

 
 
When all parts have been put together and functionality is 
confirmed everything is disassembled again and all machined 
parts will be covered and protected with anodic coating. 
 

 

Figure 8.3 Mounting sled 

 
 

Magnetic sled
Part Quantity Supplier

Gable-front 1 Conrit AB
Gable-back 1 Conrit AB
Neodymium magnets 4 Svenska Magnet Fabriken AB
Ball transfer units 4 Etab AB
Axle-magnets 2 Conrit AB
Air nipple 1 Etab AB
R od connector 1 Conrit AB
Air coupling 1 R ectus AG
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8.4. Testing 
 

This balancing equipment will be carefully tested and evaluated at 
ALSTOM in Belford, France, where a scraped complete generator 
is available for all kind of simulations and testing of equipment. 
Before that, a simpler test and verification is performed in 
Västerås on an outranged rotor. In this test it is possible to mount 
weights and check behavior with magnetic guidance.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.4 Mounting sled 
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Some verification on function with hydraulic punch is also done with a 
simple jig.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.5 Test of hydraulic locking 

 
Functionality of control equipment is also verified and tested with each 
one of the tools. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.6 Hydraulic control equipment. 
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8.5. Conclusions 
 

The outcome of this project, 3 separate tools with control 
equipment is quit satisfying. Only small adjustments have been 
done and all tools works well. The final testing in Belfort, France 
later this year on a complete generator will confirm if this 
balancing procedure is an alternative to offer customers around 
the world. As described in chapter 1 it is time consuming to ship 
away a rotor for balancing but with this equipment it is possible to 
do this local and loss of income because truce in the power plant 
will be reduced. 
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9. Thesis work reflection 

9.1. Project planning and time plan 
 

This thesis work started in the beginning of September 2005 and 
after installation and general information outlines for the new 
project was drawn. The outcome of the SIRIUS project, 
development of prototype 1, was reviewed together with our 
supervisor Anders Angantyr and discussion about good and bad 
things with this equipment was brought up. Working method and 
limitations in our coming work was also reviewed and soon we 
had a structure to built our coming work on. 
  
In an early phase a general plan was put together regarding to the 
working method described in chapter 2. Carefully planning and 
decisions about important deadlines resulted in a TIME PLAN 
(see appendix 2) to follow thru this project. Of course things 
happen along the way and some redistribution in time must be 
done. 

 

9.2. Goals and milestones 
 

Looking at the whole perspective and with our knowledge in 
earlier design and prototyping projects we had to administrate 
our time well. One important goal was to have all design work 
done before New Year 2006, this because we needed the rest of 
the time until the end of February for manufacturing, testing and 
evaluation of the prototype.  
Another thing that followed us through the work was the 
importance of what we do. ALSTOM´s goal is to show this 
equipment to their customers as an alternative for balancing 
operation.  
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9.3. Coaching and resources  
 

Our supervisor, Anders Angantyr has followed us thru the whole 
work and supported us with suggestions and thoughts. If he not 
has had answer on our questions the whole construction 
department at ALSTOM, with a lot of experience and knowledge, 
have been there to help us. For an example, during our design 
work we went to ALSTOM in Baden, Switzerland with our ideas to 
get some input with their design engineers. A very important visit 
that resulted in some good ideas to continued to work with.  
 
Our resource and examinator in Luleå, Tobias Larsson have 
guided us with theoretical parts as disposal and structure with this 
report. He has fully confidence about our work and that we are 
responsible of the outcome in the end. 
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Strength calculation of support surface in balance weight mounting tool 
 
Sammanfattning - Summary 
 
A special tool is used to mount balance weights in the rotor when it is placed inside the stator. 
When securing the weights, a hydraulic cylinder is used which is supported by the stator core surface. 
The force from the cylinder is distributed to the surface by a steel block covered by a rubber layer. 
The purpose of the rubber layer is to achieve a smooth distribution of the force on the surface. This is 
because that a high spot load on the surface may damage the stator core lamination. 
 
In this report, a strength calculation of the rubber layer is performed. The criterion is that the stress in 
the rubber shall not cause fractures in the material that may have a negative effect on a smooth force 
distribution. 
 
It is judged that calculated stress and strain level will not cause any fractures in the rubber material if 
its module of elasticity is, say between 8 - 15 MPa. 
 
It is advisable to use hard crude rubber, since this material has a good resistance to wear. However, it 
is recommended that the rubber layer is regularly inspected regarding cracks and lose pieces.  
 
 
 
 
 

Distribution 
 

  
This document must not be copied without our written permission, and the contents therefore not be imparted to a third party nor be used for 
any unauthorized purpose. Contravention will be prosecuted. ALSTOM Power Sweden AB 
  



 R MV 2006-014 rev0 Sida - Page 2 
Strength calculation of support surface in balance weight mounting tool 

 

 

1. Introduction 
 
A special tool is used to mount balance weights in the rotor when it is placed inside the stator. 
When securing the weights, a hydraulic cylinder is used which is supported by the stator core surface. 
The force from the cylinder is distributed to the surface by a steel block covered by a rubber layer, see 
the figure below. The purpose of the rubber layer is to achieve a smooth distribution of the force on 
the surface. This is because that a high spot load on the surface may damage the stator core 
lamination. 
 
In this report, a strength calculation of the rubber layer is performed. The criterion is that the stress in 
the rubber shall not cause fractures in the material that may have a negative effect on a smooth force 
distribution. 
 

Stator core

Rotor

Hydraulic cylinder
F

Rubber layer
L0

Support block

 
 
2. Calculation 
 
Nominal pressure on support block: 
 
Projected area of support surface: Ap 155 mm⋅ 72⋅ mm⋅:=

Number of slots in stator covered by support surface n 3:=

Slot area As n 23.1⋅ mm⋅ 72⋅ mm⋅:=

A Ap As−:=

Force from hydraulic cylinder F 15 103⋅ N⋅:=

Nominal pressure: P
F
A

:= P 2.431
N

mm2
=
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Assume uniaxial compressive stress in the rubber. According to ref. 1, Young's module for crude 
rubber assuming a linear elastic material is about 1-15 MPa. 
 

5 .106 1 .107 1.5 .107
2

1.8

1.6

1.4

1.2

1

εmax E( )

E
5 .106 1 .107 1.5 .107

1.5 .107

1.4 .107

1.3 .107

1.2 .107

1.1 .107

1 .107

σmax E( )

E

σmax E( ) E εmax E( )⋅:=

εmax E( ) ln 1
δnom E( ) δd+

L0
+








:=

δd 0.5− mm⋅:=Assume max deviation from nominal deformation due to irregularities in surface are:

δnom E( ) e

P−
E 1−







 L0⋅:=Nominal deformation of rubber layer: ( σ = -P)

delta

L0

sigma

0.001 8 .10 4 6 .10 4 4 .10 4 2 .10 4 0
6 .107

4 .107

2 .107

0

σ 10
N

mm2
⋅ δ,









δ

δ 0 mm⋅ 0.01− mm⋅, 1− mm⋅..:=σ E δ,( ) E ε δ( )⋅:=Stress in rubber:

ε δ( ) ln 1
δ

L0
+







:=Logarithmic strain (large deformation):

L0 1 mm⋅:=Thickness of rubber layer:

 
The unit in the diagram above is N/m2. 
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3. Conclusion 
 
The tensile strength of crude rubber is indicated to be 15-30 MPa in ref. 1. The elongation in tension 
is of magnitude several hundred percent, according to ref. 2. It is therefore judged that calculated 
stress and strain level will not cause any fractures in the rubber material if its module of elasticity is, 
say between 8 - 15 MPa. 
 
It is advisable to use hard crude rubber, since this material has a good resistance to wear. However, it 
is recommended that the rubber layer is regularly inspected regarding cracks and lose pieces.  
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