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Sammanfattning 
Vattenkraftgeneratorer är konstruerade för att passa fallhöjden och vattenflödet vid ett 
specifikt vattenkraftverk. Storleken och dimensionerna på de ingående delarna i en generator 
varierar därför mellan varje tillverkad generator, då dessa parametrar skiljer sig bland 
vattenkraftstationerna. På grund av storleken och vikten på vattenkraftgeneratorer, och de 
transportbegränsningar det medför, transporteras generatorerna i delar som sedan monteras på 
site. Monteringsfasen bygger på manuellt arbete eftersom storleken på de ingående delarna 
och monteringsplatserna varierar. Arbetet är tidskrävande, repetitivt, tungt och kräver hög 
precision på grund av de snäva toleranser som krävs för den färdiga generatorn.  
 
Målet med examensarbetet har varit att undersöka om det är möjligt att rationalisera 
läggningen av stator- och rotorplåt när en generator monteras i en vattenkraftstation. Kraven 
på rationaliseringen var att processen skulle vara portabel, och att det producerade resultatet 
skulle uppfylla de mått på kvalitet som uppnås i dagsläget samt vara ekonomiskt försvarbar. 
Eftersom storleken på stator och rotorplåt varierar, måste lösningen vara tillräckligt flexibel 
för att kunna användas för så många generatorer som möjligt.  
 
Under projektets gång har studier över stator- och rotorplåtläggningen utförts med hjälp av 
intervjuer, studiebesök och litteraturstudier för att få en bild över hur monteringsprocesserna 
utförs och hur de bygger på varandra.  
 
För att få den färdigbyggda generatorn att vara inom de toleranser som efterfrågas, krävs stor 
hantverksskicklighet. Även om monteringsprocesserna följer nästan samma arbetsflöde 
mellan de konstruerade statorplåtkärnorna och rotorringarna, gör deras individualitet det 
mycket svårt att rationalisera processerna med automation. Den flexibilitet och intelligens 
som behövs är svår och dyr att integrera i en automatiserad process. En enkel 
automationsstudie har utförts för läggningen av en statorplåtkärna. Denna studie visar att det 
är teoretiskt möjligt för en robot monterad i mitten av statorstommen att placera 
statorplåtsegment på rätt position. Men det är inte tillräckligt att bara placera segmenten, 
eftersom de också måste korrigeras för att ligga rätt.  
 
Automatisering av rotorringsläggningen är inte möjlig på grund av hantverket som krävs vid 
montering. Under monteringen måste rotorringssegmentens position korrigeras och 
rotorringens dimensioner kontrollmätas flera gånger. Detta är en process som är föränderlig, 
kräver hög precision och flexibilitet vilket gör den mer lämpad för manuellt arbete. 
 
Under arbetets gång visade det sig att det inte var själva läggningen av statorplåt och 
rotorring som var mest tidskrävande och svårt. Istället visade det sig att det var bättre att 
lägga fokus på att underlätta för arbetarna att utföra själva monteringsprocesserna. Förslag på 
att underlätta monteringsprocesserna och förbättra arbetsmiljön för arbetarna under 
monteringen för både statorn och rotorn har presenterats i rapporten. 
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Den största styrkan i monteringsprocesserna är den låga användningen av avancerade verktyg 
eller andra hjälpmedel. Processerna blir därmed robusta mot oförutsedda omständigheter som 
till exempel förlorade eller trasiga verktyg, eftersom de lätt kan bytas ut. Tack vare den låga 
användningen av verktyg krävs inte heller stort transportutrymme eller installationstid på site. 
Denna styrka är också en av dess svagheter, eftersom fler verktyg eller andra hjälpmedel 
förmodligen skulle förkorta monteringstiden. 
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1 Introduction	  

1.1 Background 
Hydropower generators are individually designed and built to fit a specific hydropower 
station. The size and dimensions of one single generator is thereby changing depending on 
the location of the hydropower station. The generator for the specific hydropower station is 
often assembled in the station where it is going to be installed because of the transportation 
limitations of a complete rotor and stator due to their size and weight. During the assembly 
and erection phase, the work relies on manual labour due to the design and location 
fluctuations of each generator. The work is time consuming, repetitive, heavy and demands 
high precision due to the tight tolerances required for the finished generator. 

1.2 Objective 
The purpose with this thesis is to investigate and identify possible solutions for 
rationalization of the assembly process seen from a time-saving and/or occupational health 
and environment perspective. The recognized solutions and possible generated aids have to 
be: 

• Possible to transport and use at the hydropower station where the generator is going to 
be assembled 

• Flexible enough to be used when assembling generators with different sizes and 
dimensions 

• Economically justifiable 
• Produce equal quality of the final product as is reached today 

1.3 Limitations 
The focus of the work will be on the stator core and rotor rim stacking processes but the 
complete assembly of the stator and rotor will be treated. 
 
Solutions presented may not be suitable for all generators due to the dissemination of size 
dimensions of the rotor and stator parameters. 
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2 Theory 

2.1 Generator design overview 
The design of a generator depends on its speed and output power, which in turn are 
determined by the prime mover of the generator. Hydropower generators are driven by a 
turbine, which is designed depending on the flow rate and head available at the site of the 
hydropower station. The speed of the turbines can due to these parameters change between 
50-1000 rpm[1].  
 
Hydropower generators are synchronous generators and rotate at their synchronous speed,𝑁!, 
which is determined by the grid frequency,  𝑓, and the number of poles,  𝑝, [2]:  
 

 𝑁! =
120𝑓
𝑝  (1) 

 
Equation (1) shows that since the mechanical rotation speed of the turbine is slow the 
generator have to be equipped with a large number of poles to match the grid frequency.  
 
The rotor diameter of a hydropower generator can be many times its active length. It is 
necessary for the rotor to have high inertia to provide system stability since the turbine inertia 
is relatively low[3]. With larger diameter the rotational stresses increases and will determine 
the maximum possible diameter for a given rotational speed.  
The power output can vary from below 1MVA and can exceed 800MVA. For a determined 
diameter from the rotational speed, the length of the rotor is matched to the given output 
power.  
For larger machines the shaft orientation is usually vertical for stability and mechanical 
construction reasons. Smaller units with high speed can be built with horizontal shaft. 
Vertical generators have to have at least one thrust bearing to carry the rotor weight and 
hydraulic thrust, and one guide bearing to lock the rotation in the radial direction. The 
position combination of the bearings affects the construction of the rotor and the stator. There 
are five different combinations of bearing positions: 
 



 
 
 

8 

 
Figure 1. Different bearing configurations [1]. 

  
a) Two separate guide bearings; One above and one below the rotor. One thrust bearing 

placed above the rotor. 
b) One separate guide bearing below the rotor. Above the rotor one thrust and one guide 

bearing are combined. 
c) One separate guide bearing above the rotor. Below the rotor one thrust and one guide 

bearing are combined. 
d) Combined guide and thrust bearing located below the rotor, “Umbrella type”.  
e) One thrust bearing and one guide bearing; The thrust bearing is mounted on the 

turbine casing and the guide beating is located below the rotor. 
 
The (a) and (b) configurations allows for high speed and larger rotor-length-to-diameter 
ratios compared to the other configurations due to the two guide bearings. The stator frame 
has to be rigidly constructed to be able to carry the rotor weight and the thrust load from the 
turbine. 
The bearing configuration in (c) also allows for relatively large speed and rotor-length-to-
diameter ratios of 1/3 are reasonable. With the lower thrust bearing placement the ground 
supports the weight and hydraulic thrust and relieves the stator frame from the load. This 
makes the construction of the stator frame less expensive. 
Bearing configurations in (d) and (e) can be used with slow rotating machines that do not 
have rotor-length-to-diameter ratios that are larger than 1/4 [1][3]. 
 
Since hydropower generators often are physically large and the stations where they are going 
to be installed often is placed at difficult terrain with low infrastructure the generator parts 
have to be able to be divided for transportation reasons. The complete generator are fully 
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assembled and tested for the first time at the site. To avoid risks for failure during assembly 
which lead to delays, the manufacturer have to ensure that the manufactured parts are 
controlled and pre-assembled to a certain degree that the function of the machine can be 
confirmed before shipping[3].    

 
Figure 2. Overview of a hydropower generator [4]. 

1) Rotor spider 2) Rotor rim 3) Rotor axis 4) Rotor poles 5) Stator core 6) Stator frame  
7) Brakes 8) Bracket 9) Combined thrust and guide bearing 10) Coolers 11) Guide 
bearing 12) Excitation system 13) Turbine axis  
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2.2 The stator parts  

 
Figure 3. Assembled stator frame [5]. 

2.2.1 Stator frame 

The stator frame consists in general of horizontal steel plates shaped as rings, vertical steel 
plates for support, vertical dovetail bars and outer shell plates that are welded together to a 
complete structure[1][6]. The structure is circular seen from the inside and shaped as a 
polygon on the outside. The main function of the stator frame is to support the core segments 
that make up for the laminated stator core and to act as a medium for transmission of forces 
from the stator core to the ground [2]. Depending on the bearing arrangement the frame may 
also have to be dimensioned to carry the rotor weight and hydraulic thrust from the 
turbine[7].  
 
The forces that arise during machine operation and can be divided into either a radial or 
tangential direction. The radial forces originate from magnetic attraction forces between the 
rotor poles and the stator steel and thermal expansion forces derived from heating and 
cooling of the stator core. The tangential force is due to the normal torque during operation 
and if a short circuit occurs the tangential forces can be considerable[8].  
 
Today hydropower generators are often used as regulating power sources, which lead to 
many start and stops of the generator during its lifetime. In earlier days the generators were 
used as base power and hence seldom turned off. The difference between the past and todays 
operation is that the generators for today’s operation have to be constructed to allow for 
thermal expansion. This is accounted for with different solutions for the connection between 
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the stator frame and the ground, which allow for the stator frame to move in relationship to 
the ground.  
 
Vertical synchronous generators intended for hydropower have in general large diameters. 
For transportation reasons the stator frame has to be divided into several parts. These parts 
are thereafter assembled and checked for circularity at the site. 

 
Figure 4. Stator frame parts[5]. 

2.2.1.1 Dovetails 
The core segments are aligned at the yoke by vertically mounted dovetails. There are usually 
two dovetails per core segment. The dovetails are mounted on vertical bars that are precision 
welded to the stator frame. Radial forces and torques are transferred through the dovetail and 
dovetail bars from the stator core to the stator frame. The dovetails have to be symmetrically 
placed and on equal radial distance from the stator centre in order for the stacked stator core 
to end up cylindrical[8]. 
 

2.2.2 Stator core  

The main purposes for a generator stator core is to provide a path for the magnetic flux, 
provide space and support for the stator windings, be able to transport heat and transfer 
machine torques[9]. The stator core is built of thin laminated steel sheets that are stacked 
upon each other inside the stator frame until the decided length of the stator core is reached. 
Since a stator in a hydropower generator can be many meters in diameter one sheet layer is 
divided into sections to be able to transport[10]. The size of the segments have an length of 
approximately 1000mm and a width of 250mm which is a reasonable size from a punching 
equipment point of view and is manageable for one worker. The stacking process of the stator 
is today made by hand and it is a monotonous and time consuming work since a complete 
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stator core consists of thousands of core segments. During this process a high degree of 
precision is required, otherwise the complete core can end up non-circular and the stator slots 
can be unsymmetrical and prevent for the placements of the stator windings.  
 
Depending on customer demands, magnetic flux conduction and durability the stator core can 
either be stacked in the stator frame at the hydro power station site in a continuous ring 
fashion or pre-stacked in the workshop and transported to the site. 
 Stacking the stator in the workshop is advantageous seen from a cost perspective. Neither 
workers or equipment has to be transferred to the site and the replacement time for a unit is 
faster which lead to shorter standstill times. The drawback is that the stator joints create 
problems and it is harder to obtain a circular stator core. Especially after some operational 
time the uneven thermal expansion of the stator sections can make the air gap to be non-
symmetrical and cause vibrations because of the varying radial force created by the magnets 
[8][7]. Also the magnetic circuit created by the stator steel is interrupted by the joints, which 
lead to a higher permeability of the stator core. 
To stack the stator core after that the stator frame has been assembled in the hydropower 
station prolongs the installation- and hence standstill time but is better from a construction 
viewpoint. The stacking process can either be performed with the assembled frame mounted 
in the generator pit, or with the frame placed in the generator hall and thereafter mounted in 
the pit with use of the overhead crane. The choice between the two methods depends on 
standstill time and generator hall space.  
 
The core segments are stacked in a continuous ring fashion. Each layer is overlapping the 
previous layer by a half segment. The stator core is divided into packs of 50-60mm. Each 
pack is separated by a core segment with spacers that allow for air to travel between the 
packs. Because of the high currents in the armature winding the losses are high[9]. By having 
radial ventilation ducts the effective cooling area of the stator is higher. The core is pressed 
between pressure plates that act upon the top and bottom of the core. Between the pressure 
plates a rod is connected that can be stressed to achieve a clamping force. The pressure plates 
acts upon pressure fingers that distribute the force radially within the core. 
The stacked stator sheets represents after clamping a solid body that can transfer torques and 
heat. If the clamping pressure is to low the core lifetime will be reduced. The core segments 
will vibrate relative each other since they are exposed for a varying magnetic field, which 
will lead to damaged lamination of the core segments. Low clamping pressure will also make 
it possible for air pockets to exist between the laminations that can lead to hot spots and 
lamination breakdown between the layers of core segments. Therefore it is important to be 
able to adjust the tension in the through going bolt with time. Heat that arise under machine 
operation thermally expand the parts in the stator, and when the parts cools down slacking of 
the core occurs. Adjustment of the tension in the bolts is done after the initial core ring test 
and after a few years of operation. To high clamping pressure neither is good because with 
increasing pressure small remaining burrs from the stamping of the segments can cause short 
circuits between the electro sheets that will lead to higher core losses and core 
degradation[8]. 
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Figure 5. Cut-through view of a stator core. 

 

2.2.3 Stator core segments 

The stator core segments are stamped from cold rolled electro steel sheets. The cold rolling 
process can make the sheet thickness to change between different places on the sheet. Even if 
the local differences are small the combined fault when the sheets are stacked can create core 
tilting if not assembled properly. 
 
When the core segments are stamped from the electro steel sheets the process creates burrs at 
the edges of the core segments. These burrs has to be removed, otherwise shorting of the 
varnished layers can occur which lead to increased core loss. To remove these burrs the core 
segments are grinded and thereafter varnished. Both sides of the electro sheets are varnished 
and the varnish thickness is approximately 0.5µm. It would be possible to varnish only one 
side of the electro sheets but insulating both sides minimizes the risk for shorting of layers 
since the varnish of two relative sheets have to be damaged at the same place for this to 
happen. To avoid shorting of the varnished layers due to burrs it is important to stack the core 
segments in the same axial direction[8]. The segments start and end in the middle of a tooth 
to avoid winding damage due to vibrations[10].  
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Different kinds of core segments: 
There are different types of core segments that are mounted in the core depending on the core 
segment feature. 
Types of core segments: 

• Standard sheet segments - Makes up for the most of the stator core. See figure 7. 
• Core segments with spacers – Allows air to cool the stator core. Welded upon the 

core segment there are radially placed thin spacers that allow air to flow through the 
stator core. See figure 6. 

• Core segments with additional slot for temperature sensing in tooth and in yoke – To 
be able to measure the temperature in the stator core from the outside. By placing 
temperature sensors within the stator core the temperature can be monitored during 
operation of the generator. 

• Core segments with slitted teeth – Placed in the ends of the core to minimize the eddy 
current losses. 

• Core segments with shortened, stepped, teeth – Placed in the ends of the core to 
minimize the eddy current losses. 

• Half sized core segments – For generators with the ability to be parted. 
• Core segments constructed of cardboard - Used as shims when height differences of 

the core have to be carried out during stacking of the stator core.  

    
Figure 6. Sheet segment with spacers[5].   Figure 7. Sheet segment[5]. 

 

2.2.4 Eddy Current Losses 

The reason for building the generator stator core of thin layers of steel sheets instead of 
manufacturing it from solid steel is to avoid excessive eddy current losses in the core. A 
conductor that is exposed to an alternating magnetic flux induces currents perpendicular to 
the direction of the magnetic field. In a solid steel stator these currents will rotate in loops in 
the entire steel structure. This current combined with the steel resistance will create a power 
loss that give rise to heat. By building the stator from thin steel sheets that are laminated from 
each other the induced eddy currents are much smaller and the power losses decreases. 
The power loss,  𝑃!"##, is determined by the constant,  𝑘!, the square of the thickness of the 
material,  𝑡, the frequency,  𝑓, the magnetic flux density,  𝐵, and the resistivity of the core 
material,  𝜌, as seen in equation (2) below: 
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𝑃!"## =

𝑘! ∗ 𝑡! ∗ 𝑓! ∗ 𝐵!

𝜌           
𝑊
𝑘𝑔  (2) 

 
In order to achieve as low losses as possible the core material should be thin and have high 
resistivity but still be able to transport magnetic flux effectively. In relation to the losses 
practical and economical limits have to be accounted for. Thinner sheets give less eddy 
current losses but are more expensive to produce and more layers are required to make up to 
a complete stator core, which prolongs the assembly time. Thinner sheets than 0.35mm are 
not common for a generator designed for 50Hz.  
 

 
Figure 8. Eddy currents[8]. 

The direct magnetic flux that is entering the edges of the electro sheets in the radial direction 
gives rise to small eddy currents. But at the ends of the stator core there is leakage flux that 
enters the core in the axial direction. When the flux enters from this direction larger eddy 
currents occurs since the currents are exposed to a larger area. To minimize these core end 
effects the outermost core segments is sometimes designed with stepped and/or slitted teeth 
to reduce the area seen by the axial flux. Sometimes the outermost layers are stepped by 
means of shortening of the teeth of the segments. Every additional change to the segments 
like slitting or stepping of the teeth is expensive. The reduction of eddy current losses has to 
be economically viable for these additional modifications to be performed. To keep the losses 
low can also be advantageous for cooling reasons[8]. 
 



 
 
 

16 

 
Figure 9. Stator winding inside core slots[5]. 

2.2.5 Stator winding 

The stator winding is made of isolated coils that are inserted into the formed slots of the 
stacked stator sheets. There are usually two coils per slot. It is important that the coils are 
secured inside the slots and at the end windings. Wedges of non-metallic material are used to 
secure the windings in the radial direction and a tight fit is ensured by ripple springs. The 
tight fit prevents the winding to vibrate during machine operation which otherwise could 
damage the winding insulation and lead to machine failure[1]. 

2.2.6 Cooling 

Most hydropower generators are air cooled for cost, simplicity and reliability reasons. Fans 
placed on the rotor shaft are often used to circulate the air either in the axial or radial 
direction. The heat is most commonly removed by air-to-water heat exchangers placed on the 
stator frame or close to the stator frame. It is feasible to have the air circulating in a closed 
loop to minimize the risk of dirt expose of the windings and air ducts[1]. 
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2.3 The rotor parts 

 
Figure 10. Cut-through view of rotor[5]. 

2.3.1 Shaft 

The shaft is the connection between the turbine-shaft and the rotor. At the bottom of the shaft 
there is a flange that allows for the turbine-shaft to be joined together with the rotor-shaft. 
The shaft has a key groove that allows for a key to be inserted between the shaft and the rotor 
spider to secure the transfer of torque[11]. 

2.3.2 Rotor spider 

The rotor spider is a welded construction built around a forged hub. Two vertically placed 
discs are welded around the hub and connected together with intermediate vertical web 
plates. These plates act as fans when the rotor rotates. Openings are provided in the upper 
disc to provide the cooling air to the inside of the rotor. At the end of the web plates beams 
are welded that support and carries the weight of the rotor rim and poles with help of thrust 
beams[11]. 
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2.3.3 Rotor rim 

The rotor rim consists of punched or laser cut steel sheets that are stacked in a continuous 
ring manner. The ring is segmented for hydropower rotors since a complete ring can be 
difficult to transport and handle during assembly[2]. The segmental rim also has a smaller 
manufacturing cost. Each layer of segments overlaps the previous in a way to provide a 
sufficient frictional area between them. The overlap area depends on the size of the segments 
and number of poles. To keep the layers of segments together through going axial bolts are 
pre-tensioned by elongation at assembly. This construction and assembly method make sure 
that the required friction between the layers is achieved to withstand the centrifugal forces 
that arise during the rotation of the rotor[2][11].   
To be able to stop the rotation of the rotor, air pressure operated friction brakes are used that 
are applied to the embedded brake tracks at the bottom of the rotor rim.  
 

 
Figure 11. Rotor rim segments seen from above[5]. 

To allow for cooling air to flow through the rim in the radial direction the segments are 
manufactured in a way to provide ventilation ducts between them. These ducts are placed 
between the poles[2]. The outer radius of the segments is manufactured with dovetail slots for 
fastening of the poles[9]. On the inside segment radius slots are made to facilitate the 
stacking process by guide the layers of segments. Slots for the coupling between the spider 
and the rim is also on the inner radius of the segments. The connection between the rim and 
spider can either be performed with a friction coupling or torque transfer devices[7][11]. For 
small fast rotors the friction coupling is usually used and for large slow rotating rotors the 
torque transfer device is typically used[12]. 

Ventilation duct 

Dovetail key for pole 

Slots for guide bars 
and spider connection 
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Figure 12. Connection between spider and rim[5]. 

2.3.4 Poles 

The poles are of salient type designed with one or more dovetail keys to allow for fastening 
to the rotor rim. Two wedges are used at each side of the key to secure the pole in the correct 
position. The poles are wound with a field winding, which provides a radially orientated 
magnetic field from the pole. The number of poles is an even number and every other pole 
alternate in polarity to create a closed magnetic loop[2]. 
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3 Method 
A workflow diagram over the assembly of the stator and the assembly the rotor was decided 
to be conducted. A diagram over the workflow makes the assembly processes visual and it is 
possible to evaluate the connections between the activities and the approximate time required 
for each step/steps. Performing workflow diagrams over the assembly processes combined 
with explanatory text to each of the activities gives a good understanding of the possibilities 
and limitations for the processes.  
 
Within the workflow diagram the flow of activities is displayed with arrows from start to 
finish. Diamond shapes represent decisions in the process. Rounded rectangles represent 
actions. It is possible to see the activities in the assembly process from three perspectives: 

• Sequences that are time consuming 
• Sequences that requires physical conditions and may tear on the labourers 
• Sequences that are potentially dangerous to perform for the labourers 

 
Data for the workflow diagrams was collected with different methods: 
 
Study visit at hydropower station 
To get information about how a hydropower station can be designed and how the generator is 
erected in the station, a hydropower station has been visited. Inside the station it was possible 
to investigate the space required to install and build a stator core or rotor rim and how this is 
performed within the station space limitations. 
 
Study of stator core stacking 
The assembly process of a stator core has been studied at a workshop. To see in reality how a 
stator core is built gave a basic understanding of the possibilities and limitations for the 
stacking process. 
 
Interviews 
To understand activities and technical limitations of the assembly processes, interviews with 
Voith Hydro personnel has been performed. 
 
Literature study of method instructions and product descriptions 
By studying method statements for the assembly processes of the stator and the rotor, a brief 
understanding of the stacking processes and how different assembly steps are connected and 
depend on each other.  
A study of the product descriptions gave a basic picture over the reasons for the design of 
included parts in the rotor and stator. 
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3.1 Stator assembly process  
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3.1.1 Preparation process 

3.1.1.1 Assemble stator frame parts 
The stator frame parts are welded together to frame segments in a workshop. The frame 
segments are connected together to a complete stator before the dovetail and dovetail bars are 
welded to the stator frame.  

3.1.1.2 Measure roundness of dovetail placement 
It is important that the dovetails have the same radial distance to the centre of the stator to 
make sure that the stacked stator ends up with acceptable circularity. To do this the dovetails 
positions are measured with a radial measurement instrument before they are welded to the 
stator frame. The radial measurement instrument can be of laser or mechanical design. The 
amount of measurements along the dovetail is depending on the length of the dovetail. 

3.1.1.3 Weld lower pressure fingers 
The lower pressure fingers are welded to its correct places with the help of a template. It is 
important that the fingers are on the same level horizontally otherwise the core will end up 
uneven and the pressure within the core will also be uneven. The height of the fingers is 
controlled with a steel ruler that is placed upon the teeth. Corrections are made with a steel 
hammer.  

3.1.2 Stacking process 

3.1.2.1 Stock core segments inside stator 

 
Figure 13. Stocked core segments inside the stator. 

All segments required to complete the stator core cannot be housed within the stator frame 
due to limited space. Stacks with segments are placed around the inner circumference of the 
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stator frame. The amounts of stacks are depending on the inner diameter of the stator. The 
stacks are lifted and placed inside using the overhead crane. 

3.1.2.2 Position the correct sheet segment at the right place 
On top of the pressure fingers the first layer of core segments are placed. The core segments 
are stacked in a continuous ring manner.  Every layer of stator core segments is shifted one 
half-segment length for every layer. If the stator should arrive to site pre-stacked the stacking 
process is done at the workshop. To be able to part the stator frame parts for transportation, 
the core segments at the stator frame joints cannot extend over the joint. Half core segments 
are thereby used at the joints.  
On specified places core segments with additional slots for insertion of temperature sensors 
are stacked. In each slot two temperature sensors are placed; One in the teeth and one at the 
yoke. There are usually four temperature sensor slots within the core which houses in total 
eight temperature sensors. It is enough to monitor the core temperature without unnecessary 
interruption of the magnetic path.  
At the core ends core segments with stepped and/or slitted teeth sometimes are placed to 
minimise the eddy current losses.  

3.1.2.3 Adjustment of sheet segments 

 
Figure 14. Adjusted and unadjusted pack of segments. 

Corrections of slot thickness are done with a plug mandrel that are placed in the slots and 
tapped with a hammer in the tangential direction.  
The hammer is also used at the teeth to align the sheets in radial direction. The yoke of the 
sheets is resting upon the dovetail bar. There is a small gap between the dovetail and the 
segment to allow for thermal expansion of the core.  
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Alignment in the axial direction is performed by a heavy hammer that is used to tap on top of 
the core at each dovetail bar. This packs the segment layers together and prevents the sheets 
to hook onto the dovetails. 
All these three corrections in the radial, axial and tangential direction are done after each 
pack completion. If the segments are large the corrections may have to be performed more 
often due to the larger force required to adjust the segments since the friction force increases 
between the layers. 

3.1.2.4 Measure thickness of stator pack 

 
Figure 15. Measuring of pack thickness. 

The stator core consists of packs. When the layers of stacked core segments have reached a 
height of 50-60 mm they are referred to as a pack. It is important that the thickness of each 
pack are equal to each other and corresponds to the schematics for the core, otherwise the 
total core length may differ in the end. To ensure that the pack thickness corresponds to the 
predefined value a special measuring device is used to measure the thickness of the pack. The 
device clamps the pack together at the teeth and it is possible to read the thickness very 
accurately, which makes it easy to determine how many additional layers of core segments 
that are needed to complete the thickness of the pack. These measurements have to be 
performed during the stacking process because the theoretical sheet thickness may differ 
from the real thickness. 
The measuring device is also used to measure around the circumference to ensure pack 
uniformity. The measurements are done at the teeth in front of each dovetail bar. During 
these measurements it is revealed if a sheet is missing due to the human factor. Because of 
the thin sheet thickness, there is a risk to forget to place a core segment since it is not always 
easy to see where next segment is to be placed. 
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3.1.2.5 Position sheets with spacers 

 
Figure 16. Core segments with spacers. 

Above each finished pack a core segment with additional spacers are placed which allows for 
air to flow radially through the core. Upon the sheet segment with spacers the stacking 
process continues until next pack is completed.  

3.1.2.6 Install/adjust steering rods 

 
Figure 17. Installed steering rods. 

To ensure alignment of the winding slots during stacking, steering rods for assembly are 
placed in the slots in front of every dovetail when the stator length reaches approximately 
100mm (or after two packs). The height that the steering rods exceed the top of the 
uppermost core segment is chosen to be the height of two packs. If the rods are placed higher 
they will make it harder to place the core segments and if they are placed lower (i.e. at a 
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height that corresponds to one pack height) the process of rearranging the rods after each 
pack completion will take up to much time of the total stacking process. The two-pack 
margin used is a trade off between the ease of stacking and preparation time for the next 
pack. Together with the dovetails they align the layers of core segments to each other and 
ensures that the slot width are within the desired tolerances. Otherwise it will not be possible 
to fit the copper bars inside the slots.  

3.1.2.7 Measure stator core length 
The length of the core is measured when it reaches around 500-600mm to be able to decide 
the right time for the intermediate pressing process.  

3.1.3 Intermediate pressing process 

3.1.3.1 Install or heighten scaffolds 
When the length of the core reaches or have increased 500-600mm it is time to install or 
heighten the scaffolds for assembly, otherwise it will be difficult to continue the stacking 
process due to the height. 

3.1.3.2 Position pressure plates and hydraulic jacks 

 
Figure 18. Intermediate pressing with hydraulic jacks and pressure plates. 

To avoid buckling of the stator core it is pressed together symmetrical around the 
circumference every 500-600mm. If the stator length exceeds approximately 1500mm more 
than one pressing procedure has to take place during the stacking process. If the stator is 
stacked at the site (full ring) the pressing has to be performed simultaneously along the 
circumference. If the stator is stacked in a workshop (divided ring) the pressing only have to 
be done evenly for each stator frame part. By doing this procedure every 500-600mm, the 
risk of core buckling can be minimized. The pressing is achieved by hydraulic jacks that are 
parallel coupled and placed one at each dovetail bar. To distribute the pressing force equally 
upon the core segments thick pressure plates are placed on top of the uppermost core segment 
ring.  
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3.1.3.3 Apply and monitor pressure 
The pressure from the hydraulic jacks is increased in steps until the desired pressure is 
reached upon the unfinished core. During the pressing the segments are scrutinized to ensure 
that they slides properly in the axial direction and do not hang on to each other.   

3.1.3.4 Measure the core length in tooth and yoke 
When pressure is applied to the stator core the core length is measured at the teeth and at the 
yoke around the circumference of the core with an industrial measuring tape. By monitoring 
the measurements it is possible to determine if the core is uneven in length along the 
periphery. If it is the same length at the teeth and yoke the stacking process can continue as 
before. Otherwise corrections have to be made in order to prevent the final core to end up 
unsymmetrical.  
The pressing process makes it easy to determine if the core is symmetrical in length since it 
gives exact values of the different lengths. But if the core is soon to be finished and the 
required pressing procedures are done, approximations of required length corrections has to 
be done. In these cases measurements are taken of the tooth and yoke lengths with the core 
un-pressed. Even if these measurements are not entirely trustworthy they can still give an 
indication of possible required correction before the core is finished. 

3.1.3.5 Remove the hydraulic jacks and the pressure plates 
When the pressure process is finished the hydraulic jacks are removed from the top of the 
core together with the pressure plates. 

3.1.3.6 Remove the uppermost sheet segment layer 
The top core segment layer is thereafter removed to prevent for core failure in case the top 
layer had been damaged by the contact with the pressure plates during pressing.  

3.1.3.7 Modify cardboard shims 

 
Figure 19. Shims placed at yoke of segments. 

If the core is uneven along the periphery corrections have to be made with core segment 
shaped cardboard. The cardboard shims have approximately a thickness of 1mm, which is 
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shaped to make up for the differences at certain locations, i.e. if the length at the teeth 
exceeds the yoke length the cardboard is cut and placed at the yoke only to even out the 
difference (see figure 19). The shims are placed in the middle of next pack when the stacking 
process has continued after the intermediate pressing. If the thicknesses of more papers are 
required to make up for the difference they are placed in the following packs. The rule of 
thumb is maximum one cardboard shims layer per pack.  

3.1.4 Finishing process 

3.1.4.1 Position upper pressure finger segments 
 

 
Figure 20. Placed upper pressure finger segment. 

When the stator is finally stacked the upper pressure fingers are mounted. These pressure 
fingers arrive pre-welded to metal bars so that segments are formed. The pressure finger 
segments are placed upon the top layer of the core segments around the core.  
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3.1.4.2 Position and adjust pressure plates 

 
Figure 21. Pressure plates placed on top of upper pressure finger segments. 

Upon the pressure finger segments, pressure plates are placed which will distribute the force 
from the core bolts to the pressure fingers. These pressure plates are mounted slightly tilted 
so they will be horizontal when the core is clamped together. The inclination is adjusted with 
screws on the back of the pressure plates. 

3.1.4.3 Clamp the core together 
When the complete stator core is stacked it is permanently pressed together by prolonging the 
core bolts to a certain length and secured to create a decided pressure force within the stator 
core. Since the length of the core shrinks when the core is pressed together the pre-pressed 
core length has to exceed the final required length. A few layers of core segments overshoot 
the dovetail length and due to that left without steering of the yoke. When the core is finally 
pressed it is important to monitor that the slots in the overshooting core segments slides into 
the dovetails and not hangs on to the top of the dovetails.  
Hydraulic bolt tensioners are used to be able to prolong the core bolts. The tensioners are 
used on the bolts in a symmetrical pattern to make sure that the pressure within the core 
distributes evenly. The pressure is gradually increased in steps until the correct prolongation 
of the core bolts are reached. All bolts are prolonged to the same length before the next step 
is executed. This is also to make sure that the core is pressured evenly. The pressure is 
controlled from a compressor. The pressure value is corresponding to a theoretical 
prolongation of the bolts. To be sure that the correct prolongation is reached in reality, 
precision measuring clocks are placed at the top and bottom of a core bolt. When using the 
bolt tensioner these measuring clocks will show the real prolongation of the bolt; the bottom-
measuring clock will display a negative value and the top-measuring clock displays a positive 
value. Together the values make up for the real prolongation. A few bolts around the core are 
randomly selected to this measuring test to ensure that the core is clamped together according 
to the correct prolongation length. 
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Figure 22. Bolt prolongation measurement with precision measuring clocks. 

 

3.1.4.4 Measure roundness of core 
The first test carried out on the finished core is the roundness test, which is done in the same 
way as when the dovetail bars were measured in place. A radial measuring device is placed in 
the centre of the stator core and the distance is measured to the teeth of the core in front of 
the dovetail bars. These measurements show how close to a perfect cylinder the inside of the 
core is. i.e. the core can be eccentric, have a square, triangular or conical shape, but if the 
core is in-between the desired tolerances it is approved. If the core not is within the limits, 
correcting adjustments can be carried out by adjusting the feet’s of the stator and/or place 
shims between the stator frame segments.  

 
Figure 23. Visual result from a core roundness test performed at each dovetail[5]. 
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3.1.4.5 Position and secure steering pins for pressure plates 
If the core is approved the pressure finger segments are fixated to the pressure plates with a 
through going steering pin that is secured by a weld.  

3.1.4.6 Perform core loop test 
The core loop test is performed to indirectly measure the inter-laminar insulation resistance 
between the core segments. The complete stator is wound with a cable that is connected to an 
external 50Hz power source. When the core is subjected to a varying magnetic flux the core 
temperature will rise with time. A heat camera is used to monitor the core temperature and 
eventual hotspots within the core can be identified. The stacked core segments will vibrate 
during the test and the core is packed further. When the core has cooled down to the 
surrounding temperature the stator bolts have therefore to be re-tensioned to the previous 
value by use of the same bolt-tensioning procedure as before. After the test the core is 
examined for buckling[13].  
 

   
Figure 24. Heat measurements and corresponding winding arrangement from a core loop 
test[5]. 

3.1.4.7 Paint teeth and yoke 
The final steps to complete the stator is to paint the yoke, apply varnish on the teeth of the 
core and weld support holders for the core bolts to minimize their vibration during generator 
operation. Thereafter the winding of the stator can take place[14].  
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3.1.5 Time consumed during the stator assembly 

The time observations are measured from the assembly of a hydropower generator with an 
outer diameter of 8000mm and a core length of 1000mm. The pack thickness was 
approximately 45mm. 
 
Table 1. Time required for stator assembly sequences and processes. 

Sequence/process Time required 
Position the correct sheet segment at the right 
place 

35-40 min 

Adjustment of sheet segments 
Measure thickness of stator pack 
Position sheets with spacers 
Measure stator core length 
Install/adjust steering rods 

30 min 

Stacking process 40 hours 
Finishing process 30 hours 
Intermediate pressing process 4 hours 
 

3.1.6 Sources of errors 

Only one stator assembly process has been examined. The study is probably not completely 
extensive since exceptions in the different sequences due to surrounding factors that changes 
the execution of the sequences cannot be collected from only one study. 
The study is made on a stacking process that is performed in a workshop. Performing the 
sequences in a hydropower station may cause different things to be difficult and time 
consuming compared to when the same sequence is performed in a workshop. 
Only time measurements from one performed stator core assembly process has been 
executed. With a different crew, different location and another stator size other times may 
have been measured. 
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3.2 Rotor assembly process 

  



 
 
 

34 

3.2.1 Preparation process 

3.2.1.1 Measure thickness of segments 
The rotor rim segments are made of cold-rolled 3-6mm steel sheets. Due to the rolling 
process the segments are not completely uniform. Before the stacking process begins the 
thickness of at least one segment from each pallet is measured thoroughly. Thickness 
measurements are performed along the inner and outer diameter, along the edges and close to 
each bolthole in the segment. The measuring device used should have an accuracy of at least 
±0.005 mm in order to achieve enough detailed values. The measurements are performed on 
site and the values are logged and evaluated to obtain an estimation for the need and 
placement of shims when the rotor rim is stacked. These theoretical values have to be 
investigated and verified during the stacking process by measurements on the stacked core, 
but these initial measurements gives an indication of how often the verifying measurements 
shall be performed. It is important that the selection of the segments are made in an 
randomized way in order to get a result that is acceptable for the complete segment stock and 
not for a single batch of segments[15]. 

3.2.1.2 Check segments for moisture and burrs 
Before the stacking process begins the both sides of every segment are checked to ensure that 
the surfaces are dry. It is important to ensure that the friction between each layer of segments 
reach the desired level. The rim segments are ordered to be dry and packaged in sealed 
enclosures at delivery. If the surfaces anyway are coated with some kind of rust preventives 
these has to be removed with appropriate solvent and thereafter the segment has to be dried.  
The edges of the rim segments are viewed for burrs. Burrs that exceeds 50µm has to be 
sanded before the segments are allowed to be used in the rotor rim. 

3.2.2 The stacking process 

3.2.2.1 Stock segments in station 
It is important that the segments that are to be used for the assembly of the rim have the same 
temperature as the surrounding temperature at the time when they are to be used. Otherwise 
the temperature forces can make the stacked rim non-circular and skewed. By storing the 
sheets inside the hydropower station a few days before the stacking process begins the 
segments have time to obtain the same temperature as the surroundings. The sheet segments 
arrive to the station on custom made pallets enclosed with plastic to protect the segments 
from dirt and moisture during transportation. The plastic protection around the segments 
cannot be removed before the segments have the same temperature as its surroundings, 
otherwise condensation will occur on the exposed segments. Large temperature differences 
between night and day also can make it difficult to stack the rim with a preferred result. 
Stations that are poorly insulated can make this problem occur. 

3.2.2.2 Install rotor frame upon stands 
Before the rotor rim can be assembled, the rotor frame has to be horizontally placed to 
provide a reference for the rotor rim. If the rotor frame is loose (not connected to the rotor 
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axis) the frame is placed on adjustable stands. If the frame is connected to the rotor axis it do 
not always need the support from adjustable stands. 

3.2.2.3 Mount radial measuring device 
Upon the processed hub of the rotor frame a rotating device used later for roundness 
measurements of the rim is erected.  
 

 
Figure 25. Erected radial measuring device[5]. 

3.2.2.4 Measure horizontal alignment of rotor frame/Adjust height of rotor frame 
stands 

A spirit level is placed on the rotating device to indicate the horizontal alignment of the frame 
and the height of the adjustable stands are thereafter individually fine-tuned until the frame is 
horizontal. When the hub is horizontal in one direction the rotating device and the spirit level 
is rotated on the hub, and the procedure is repeated until the hub is completely horizontal and 
independent of the rotation of the spirit level. The horizontal alignment of the rotor frame is 
controlled throughout the stacking process to make sure that it is valid as a reference point. 

3.2.2.5 Position adjustable stands for rotor rim 
Around the frame adjustable stands for the rotor rim are evenly positioned.  

3.2.2.6 Measure and adjust height of rotor rim stands 
With the horizontally placed frame as a reference, a levelling instrument is used to adjust the 
height of the stands to the equal and correct height according to the frame. Every 205-300mm 
during the stacking process the levelling instrument is used to measure the waviness of the 
bottom segment. Due to floor quality and stand placement, the stand height may have to be 
adjusted when the weight increases as more segment layers are positioned. The adjustable 
stands for the frame and the rim can either be separated from each other or accommodated in 
the same support structure. When building on uneven floors a combined support structure is 
preferred since it not is affected in the same way as loose stands are by the floor quality. With 
the combined support structure is also easier and faster to get a correct adjustment of the 
support height.  

3.2.2.7 Erect radial measuring device 
On the rotating device placed on top of the rotor frame hub a beam is mounted. At the end of 
the beam a laser-sender is placed with the ray pointed vertically. The sender is also equipped 
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with a spirit level, which are used to indicate that the laser beam is pointing vertically. The 
spirit level is checked at least once a day to ensure the laser beams verticality.  This tool is 
used to measure the rotor rim circularity relative to the rotor frame.  
 

 
Figure 26. Radial measuring device mounted on rotor axis[5]. 

3.2.2.8 Position the correct segment at the right place 
Segments are positioned upon the stands round the rotor frame. Each segment layer overlaps 
the previous layer according to the schematics for the specific rotor. It is important to get the 
bottom segments correctly positioned from the beginning; otherwise it will affect the stacking 
process later on into the process. Getting the diameter of the rim correct and the notches in 
the segments in front of the corresponding frame bar facilitates the stacking process.  
 

 
Figure 27. Loose frame mounted on adjustable stands[5]. 



 
 
 

37 

Guide pins 

Rods for rim 
adjustments in the 
radial direction 

Dovetail aligning 
devices 

3.2.2.9 Align and adjust sheet segments 
The stacking begins with the placement of a few layers of segments. To achieve the desired 
diameter and an approximately round rim, the dovetails and holes in the segments have to be 
aligned with the other layers. This is done with guide pins and with dovetail-aligning devices. 
When the rotor rim length gets roughly 30mm, guide pins with a length of 50 and 100mm are 
placed in every other hole around the rim. As the length increases during the assembly new 
pins of same length are placed upon the previous rods. The 50mm difference in height 
between every pin helps the rods to continuously steer the rim as its length increases. The 
positioned pins should be easy to rotate; otherwise the layers of segments are misplaced.   
When the length of the rotor rim reaches approximately 70mm, dovetail-aligning devices are 
inserted and secured at the segments dovetails. These devices make the rim fairly circular. 
Deviations from the roundness are corrected with a hammer with a soft tip such as copper or 
aluminium. The hammer is tapped on the rim segments in radial direction either on the 
outside or on the inside of the ring until the same radial distance from the centre axis are 
achieved around the rim circumference. Corrections in the tangential direction are made by 
inserting a round precision made rod in the rim bolt holes and thereafter tap it with a hammer 
in a tangential way. 
When corrections have been performed to the rim the stacking process continues. 
 

 
Figure 28. Adjustment devices to rotor rim[5]. 

3.2.2.10 Measure radius around the rotor rim 
The measuring process begins with the placement of a receiver device next to the pole 
dovetail. A magnet on the receiving device is used to keep it firmly in place during the 
measurement. The rotating measuring tool is aligned with the receiving device and the 
measurement is carried out. The value presented is the radial deviation between the receiving 
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device and the vertical laser axis. Measurements are carried out next to each pole dovetail 
around the circumference. 
The rotating radial measuring tool is used at the beginning and throughout the rim stacking 
process to ensure that the rotor ends up within the tolerances of the roundness. The measuring 
tool is not used to measure the specific radial length of the rotor rim but is used to make sure 
that the same radial distance are reached around the circumference of the rotor rim. 

3.2.2.11 Install guide rails 
As soon as the beginning of the rim is confirmed to be round, sheet guide rails are mounted in 
the notches located at the back of the rim. Fasteners for the guide rails are welded to the rim 
frame; one at the top and one at the bottom (see figure 29). The fasteners are equipped with 
adjustment screws, which allow the guide rails to be corrected vertically. The radial 
measuring device is used to align the guide rails vertically in the radial direction and a spirit 
level is used to align them vertically in the tangential direction. 
The guide rails task is to act as a fixture and steer the rotor rim during the assembly process. 
After completion of the rotor rim, the guide rails and its fasteners are removed from the rotor 
frame.  

3.2.2.12 Install threaded rods and clamp rim together 
Depending on the result from the initial measurements of the segment thickness, it is decided 
how often the rim should be clamped together to investigate the need of shimming. If the 
segments are of poor quality the rim will have to be shimmed a lot more, compared to if the 
segments are of good quality. To clamp the core together, threaded rods are placed at a 
minimum of four positions around the rim. The nuts are tightened until the rim length does 
not decrease anymore.  
 

 
Figure 29. Rim clamping with use of threaded rods[5]. 

3.2.2.13 Measure length of rim 
A measuring tape is used to measure the length of the rim at the outer and inner diameter 
around the circumference of the rim. Thereafter one threaded rod at the time is removed and 
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the length of the rim is measured through the hole. These practical measurements decide 
when and where the rim shall be shimmed.  

3.2.2.14 Position shims 
The shimming is done with 1mm thick pre-manufactured shims made of steel. 

3.2.2.15 Measure length of rotor rim 
Segments are continuously stacked until the rim length exceeds the specified length by 
approximately 1%. 

3.2.2.16 Install/heighten scaffolds 
To be able to continue the stacking process the scaffolds have to be heighten approximately 
every 500mm. 

3.2.3 Finishing process 

3.2.3.1 Insert bolts and tighten 
When the rotor rim is finally stacked the rotor bolts are inserted through the bolt holes and 
installed with the correct protrusion underneath. The nuts are tightened with a wrench until 
the rim length does not decrease anymore. 
 

 
Figure 30. Inserted and tightened bolts in rotor rim[5]. 

3.2.3.2 Measure length of rotor rim 
The nuts are tightened until it is possible to determine if the achieved rim length is within the 
length tolerances. 

3.2.3.3 Remove/add segments 
If the length of the rim not is within the tolerances, the length is adjusted by removing or 
adding additional layers of segments.  

Linear guide 
rail and upper 
guide rail 
fastener  
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3.2.3.4 Clamp the core together in 2-3 steps 
Thereafter the bolts are tighten with a hydraulic bolt tensioner in 2 to 3 steps. The tightening 
procedure is done in a pattern to contract the rim in the most even way. Since the sheets often 
are thicker on the middle, the bolts located in this area are tighten first. During the tightening 
procedure the roundness, skewness and eventual protrusion of the rim is examined. By 
changing the tightening order of the bolts the shape of the rim can be controlled.  

3.2.3.5 Retention of bolts 
When all the bolts have reached the correct tension they are re-tensioned in a single step to 
remove possible subsidence’s. 

3.2.3.6 Measure roundness 
When the rim is finally assembled, a roundness measurement is performed with the radial 
measurement tool in the same procedure as during the stacking process. The number of 
measurements in the axial direction depends on the length of the rotor rim but three 
measurements are relatively common; One at the bottom, one at the middle and one at the 
top. The measurements are performed next to each pole dovetail around the rim. The 
measurements are logged and used to determine if the roundness are within limits. If the 
clamped ring do not fulfil the proper tolerances, it is possible to displace the rotor frame 
relative to the rim if it will make the complete rotor to get within the tolerances. This 
displacement is made with the connection between the frame and rim.  

3.2.3.7 Measure waviness 
The waviness at three bottom layer locations is measured with the levelling instrument and is 
not allowed to exceed ±2.5mm. 

3.2.3.8 Remove guide rails 
When the rim is finally stacked the guide rails are removed, because they are not needed 
anymore and should not be incorporated into the construction of the rotor. 

3.2.3.9 Install torque transfer devices or friction coupling wedges 
Depending on if the connection between the rotor rim and the rotor spider are of friction or 
floating kind, either friction coupling wedges or torque transfer devices are used to attach the 
rim to the spider. To perform a friction coupling the rim is heated with induction or heat 
blankets to make the rim to expand. Wedges are installed between the rim and the spider and 
when the rim shrinks, because of the removed heating source, it becomes a friction coupling 
between the rim and the spider. 
If the connection is of floating kind torque transfer devices are welded to the circumference 
of the lower disc of the spider and thereafter the torque transfer device is wedged to the rim.  
After the connection between the rim and spider is finished the circularity of the rim is 
controlled. Corrections of the circularity are performed by adjusting the height of the wedges. 

3.2.3.10 Mount lower air guides 
Air guides are screwed to the spider between the bottom of the rim and the bottom of the 
spider to guide the flow of cooling air through the rim. 



 
 
 

41 

3.2.3.11 Print welded areas 
When all the welding activities are completed, the welding areas have to be cleaned and 
painted to protect the rotor from rusting.  

3.2.3.12 Final measurements 
After completion of the rotor, the shape of the rim are measured and documented[16][12].  
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3.2.4 Time consumed during the rotor assembly 

The preparation process and the stacking process takes approximately one week each. The 
time required for the stacking process is highly depending on the time required for correction 
of the position of the segments. This depends on the size of the segments and the surrounding 
environment, and can span from 20 minutes to 3 hours per 150mm height. It is heavier, and 
hence more time consuming, to adjust the position of larger segments due to the increased 
friction force between the layers. If for example the temperature changes where the stacking 
process takes place, the size of the segment changes, which will make them difficult to 
position correctly. 
The rim of a normal rotor with 5-6 meter in diameter can be stacked with a speed of 250-400 
mm/day. It is clearly that the loop that is formed of the sequences ‘Align and adjust sheet 
segments’ and ‘Measure radius around the rotor rim’ can require a lot of time if the rim is 
difficult to adjust. The sequence ‘Install threaded rods and clamp rim together’ also is time 
consuming, especially if the threaded rods and nuts are in bad condition[12]. 

3.2.5 Sources of error in the study of the rotor rim assembly 

The study of the assembly process is performed by interviews with one person and by 
investigating the company’s method provisions for the rotor rim assembly. To not see the 
process in reality and get an uncoloured view of the assembly makes it hard to pinpoint 
which sequences that are time consuming and has improvement capabilities. The assessments 
from the study rely solely to the interviews and the company method provisions. It is possible 
that activities that may have improvement capabilities gets overlooked due to the sources of 
the study.  
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3.3 Study of generator sizes and parameters 
To get data over the flexibility needed for the generated concepts a study over different 
design parameters has been performed over designed and delivered Voith Hydro generators. 
The data has been collected from design drawings. The investigated parameters are divided 
into data over the stator and the rotor of new and refurbished generators. The rotor rim is 
often not refurbished of existing generators, therefore there are no data from these projects. 
Data over the stator core and rotor rim segments are collected to be used for designing 
gripping tools, and data over the stator core and rotor rim are gathered to be able to choose 
amongst robots or manipulators. The numerical data is presented with their quartiles to show 
the statistical distribution of the parameters.  
Every generator designed can be seen as an individual project since they are large products 
that are adopted for a specific hydropower site. Sometimes more than one generator is built to 
be installed in the same station.  If more than one generator with identical parameters are 
delivered to the same hydropower station they are referred to as one in the statistics. The 
statistics show hence the distribution among the parameters of the different projects and not 
the distribution amongst every generator. Data is collected from approximately 15 new 
generators and 15 refurbished generators. Due to secrecy reasons the exact number of 
investigated generators and the individual parameters for every generator is excluded. 
 
 

 
Figure 31. Stator core segment. 
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Figure 32. Rotor rim segment. 

 
Figure 33. Cut through view of stator core[5]. 
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3.3.1 New Generators 

Table 2. Data over the stator parameters for new generators. 

 
Stator 

 
Stator core Segment 

 

Diameter, 
𝐷!"#$, [mm] 

Length, 
  𝐿!"#$ , 
[mm] 

Hypotenuse, 
𝐻!"#$, [mm] 

Length, 
𝐿!,!"# , 
[mm] 

Width, 
𝑊!,!"# , 
[mm] 

Slot thickness, 
𝑆!,!"#, [mm] 

No. 
Segments 

Min 3900 670 1708 580 225 18,9 21516 
Q1 5716 859 2559 890 256 22,05 33226 
Median 6555 1290 3045 992 324 23,2 41501 
Mean 6588 1392 3054 969 340 23,02 50613 
Q3 7825 1695 3637 1081 376 23,775 70632 
Max 9500 2870 4519 1247 600 27,7 96798 
 
Table 3. Data over the rotor parameters for new generators. 

  Rotor 
  Rim Segment 

 
Diameter, 

𝐷!"#, [mm] 
Length, 

𝐿!"#, [mm]  
Length, 𝐿!,!"#,  

[mm] 
Width, 

𝑊!,!"#, [mm] 
No. 

segments 
Weight, 

[kg] 
Thickness, 
[mm] 

Min 1543 840 988 383 1524 9,5 2 
Q1 3294 1033 1345 445 2411 14,625 3 
Median 4541 1425 1580 582 2718 18,825 4 
Mean 4318 1544 1637 579 3247 21 4 
Q3 5430 1885 1851 669 4232 24,5 5 
Max 7686 2900 2530 859 6000 49,5 5 
 

3.3.2 Refurbished generators 

Table 4. Data over the stator parameters for refurbished generators. 

 
Stator 

 
Stator core Segment 

 

Diameter, 
𝐷!"#$, [mm] 

Length, 
  𝐿!"#$, [mm] 

Hypotenuse, 
𝐻!"#$, [mm] 

Length, 
𝐿!,!"#, [mm] 

Width, 
𝑊!,!"#, [mm] 

Slot thickness, 
𝑆!,!"#, [mm] 

No. 
Segments 

Min 3396 600 1438 747 170 19,6 22165 
Q1 6880 1000 3215 905 231 21,7 38699 
Median 7030 1230 3354 914 274 23,2 51182 
Mean 7549 1395 3567 951 292 24 61442 
Q3 8550 1750 4096 1032 342 25,3 80019 
Max 10480 2450 4988 1115 490 32,2 133524 
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3.5 Simulation in ABB RobotStudio 
To investigate the theoretical possibilities for automation, simulations have been performed 
in ABBs automation software RobotStudio. 
 

3.5.1.1 Choice of manipulator 
There are many possible manipulator choices to pick up and place a sheet segment at a 
certain place. The requirements for the manipulator are that it is flexible, reconfigurable and 
possess enough reachability to match different stator sizes. These requirements can be 
obtained with: 

 
Robot positioned in center 
Pros: Cons: 

Only incorporates one robot A large robot has to be used because of 
the reachability needed. 

Readily available programming interface The robot has to be mounted to the floor 
that prevents the robot to be used when 
stacking has to be done inside the 
generator pit. 

 
Cartesian manipulator 
Pros: Cons: 

Scalable More time required for assembly 
Standard components More calibration needed 
Could be designed to pick segments 
outside of the stator 

 

No footprint inside the stator  
 
Several small robots 
Pros: Cons: 

Scalable Larger footprint required inside the stator 
Smaller robots can be used to cover the 
large work area required 

More equipment needed 

More robots lead to faster stacking  
 
Robot on rails 
Pros: Cons: 

Scalable Large footprint required 
One small robot can be used A lot of installation time and calibration 

required 
 Difficult with circular rails 

 
The stacking process can be performed with different kind of robot solutions. The final result 
will be the same even if the different solutions have varying pros and cons. As long as the 
robot solution can pick up a segment and place it at the correct location the final result will be 
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the same. To visualise the stacking process for investigation reasons, one of the automated 
solutions will be studied with the ABB robot simulation program RobotStudio. The study 
will answer the questions: 

• Can an automatized stacking process replace the manual labour required today in 
theory? 

• What will the cycle time be? 
• Is it financially justifiable? 

 
The solution that will be examined in RobotStudio is chosen to be the robot positioned in the 
center because of the simplicity of the solution from a simulation point of view.  
It is for comparison reasons chosen to simulate the same stator that was studied during the 
manual stacking process. The time required to stack the stator manually will be compared to 
the time required for the automated stacking process. 
 

3.5.1.2 Gripping tool for sheet segments 
The robot has to be equipped with some kind of gripping tool which makes it possible for the 
robot to pick up the segments and place them at the correct position. The segment that is 
about to be placed has to be fitted around the dovetails. This is performed by bending the 
segment slightly when the stacking is performed manually. Three concepts are identified to 
fit the segment around the dovetails for the automated process: 
 
1) Change the shape of the dovetails to allow for radial mounting of the segments 
The tasks of the dovetails are to align the core segments and to transmit the torques acting on 
the core to the stator frame. These tasks could be fulfilled with rectangular shaped dovetails. 
Rectangular shaped dovetails also allow the sheet segments to be radially mounted on to the 
dovetails and placed at the correct position. The drawback with this choice of shape is that 
one degree of freedom has to be allowed for the segments, since they can move in the radial 
direction towards the center. This is probably why this dovetail shape not has been identified 
to be used amongst manufacturers of hydropower generators today.   
 
2) Mount the segments by sliding on the segments the dovetails from the top of the dovetail 
By sliding on the segments from the top of the dovetails makes it possible to use regular 
dovetails. This would though require more placement time per segment, since the path for the 
segment becomes longer and have to be performed slower, when the segment is fitted around 
the dovetails to allow for acceptable precision. To compensate for this time increase it would 
be possible to manufacture larger segments that span more than two dovetails. Larger 
segments lead to fewer segments per revolution and hence a faster stacking time. Larger 
segments are difficult for workers to handle due to the size and bendability of the segments, 
but this is not a problem for a well-designed gripping tool handled by a robot.  
To be able to manufacture larger sheet segments it would require larger die cutting equipment 
and larger steel sheets that may not be economically viable.   
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3) Bend the segment to be able to mount the segment radially 
If the gripping tool is provided with mechanics that make it possible to bend the sheet 
segment in a controlled manner, it is possible to mount the segment to the dovetails in the 
radial direction. When the sheet is correctly placed around the dovetails the segment is 
unbent before it is placed on top of the uppermost segment layer. This was tested and 
confirmed during the stacking process study. This solution makes it possible to use the same 
traditional dovetails that are used today and shorten the pick and place time compared to 
solution (2).  It was decided to design a gripping tool with this embedded function and use it 
for the automation simulation. 
 

3.5.1.3 Design of gripping tool 
Specification of requirements: 
The gripping tool has to be able to: 

• Attach and detach one sheet segment at the time 
• Bend and unbend the sheet segment in a controlled manner so a decided bending 

angle can be achieved of the segment 
• Be adjustable to be able to lift different sizes of segments 

 
Attach sheet segments to the tool can either be done with pneumatic vacuum cups or 
electromagnets. Pneumatic suction cups is chosen due to their simplicity, availability and 
because they only can pick up the uppermost segment in a stack without affecting the 
segments underneath.  
To attach the segment it is chosen to use 8 suction cups. If fewer fixed points is used the 
attached segment will hang down due to gravity and will make it more difficult to obtain the 
needed clearance around the dovetails during bending. 
The bending of the segment can be performed in various ways. It is important that the angle 
of the bending can be controlled since it will decide the clearance to the dovetails. The 
movement can be obtained by hydraulic- or electric cylinders. To control the angle, 
adjustable mechanical end stops can be combined with pneumatic cylinders, or if linear 
actuators is used the stroke can be controlled with drive electronics. Since precision is of 
importance electric linear actuators is chosen because they are easy and reliable to control. 
 
Concept 
The lifting device has two separate arms that are adjustable to match the length of the 
segments. The span of the arms should be able to change approximately between 580 – 
1250mm according to the statistics. The width of the suction cups should also be adjustable 
to allow for adaptation to the segment yoke width. The yoke width is approximately half of 
the segment width and should hence be able to change between 85 – 300mm. The arms are 
hinged to be able to bend the segment.  
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Figure 34. Gripping tool for stator sheet segments. 

 
Figure 35. Gripping tool in bent mode. 

 

 
Figure 36. Sheet segment in bent and unbent mode. 

 

Fastening plate for robot arm 

Linear actuator 

Suction cup 
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Figure 37. Alignment of vacuum cups on sheet segment. 

 

3.5.1.4 Simulation overview 

 
Figure 38. Automation simulation layout. Robot-grey, stator-red, conveyer-blue, camera-
green, stands-black. 

The robot is an ABB robot with a reach of 3900mm. Combined with the additional length of 
the gripping tool is able to place segments at the top and bottom of the stator core since the 
hypotenuse of the core approximately 3800mm. This kind of robot can be used with 
approximately 6/7 of the new designed generators and with 9/13 of the refurbished 
generators. The stator is placed upon stands with a height of 800mm. This allows for a stack 
of segments to be transported into the stator on the conveyer. For simplicity reasons only one 
segment is placed upon the conveyer. This segment is duplicated for every pick and place 
cycle. Since the segments arrive on the conveyer, the position of the segments cannot be 
known to be the same every time. The position is though relative similar between each stack 
of segments. To be able to compensate for the small deviances of the segments the camera is 
used to investigate how the gripping tool has gripped the segment. The camera is displayed as 
a green box for clarity reasons and has nothing to do with the visual appearance in the reality. 
It is important to know the exact position of the segment to be able to fit the segment around 
the dovetails. 
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3.5.1.5 Display of pick and place cycle 

 
The robot is in home position and is ready to start the cycle. To display the sequences 
properly the view is cut and excludes parts of the stator. 
 

 
The robot positions the gripping tool over the segment and the vacuum cups are used to 
attach the segment to the tool. 
 

 
The segment is lifted from the conveyer. 
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The segment is positioned above the camera, which investigates the orientation of the 
segment relative to the gripping tool. 
 

 
The segment is lifted to initiate the placement of the segment in the stator. 
 

 
The gripping tool bends the segment to the predefined value. 
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The segment is placed radially into the stator frame. 
 

 
The segment is unbent and the segment is fitted around the dovetails. 
 

 
The segment slides along the dovetails until the segment is positioned upon the lower 
pressure fingers (not included in the simulation). The gripping tool releases the segment and 
the robot is thereafter positioned in the home position and the cycle is repeated around the 
circumference of the stator. 
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4 Results 

4.1 Stator core assembly; process overview 
The assembly process is performed with manual labour. The only special tools that are used 
are the pack-measuring device and the bolt tensioners, which can be used with all constructed 
stators. Apart from that, the assembly process make use of custom made items that facilitates 
the process and ensures the quality of the finished stator like the plug mandrel, the steering 
rods and the pressure plates used in the middle-pressing procedure. These items can be reused 
with other stators if they have the same features, like the same slot width, but often they are 
discarded. To complement the special items only standardized equipment is used like 
hammers, polygrip, hydraulic jacks, overhead crane and scaffolds. Because of the low 
equipment use the procedure is robust and it is easy to deliver the required equipment to site. 
In every hydropower station and mechanical workshop an overhead crane can be accessed. 
The scaffolds are rented and supplied from a construction company. This leaves only 
equipment that does not have a large shipping volume and can easily be transported in an 
enclosed Euro-pallet.  
 
Since the assembly process is changeable in both location and size of the included parts of 
the assembly, the adaptivity of human labour is superior for the assembly process. To replace 
the human labour in a complicated process, such as the assembly of a generator stator, will 
require a system with high flexibility. A system that is flexible enough to be able to stack a 
hydropower generator stator is expensive and require a lot of development and testing before 
it can be trusted to perform a result with the same quality as is reached today with manual 
labour.  
 
Even if the activity ‘Position the correct sheet segment at the right place’ can be seen as the 
main event, because it is the sequence where the actual building of the core takes place, it is 
not the most difficult or time consuming activity. If the human labour would be replaced with 
a robot to perform this activity it would probably make the solution slower and more 
expensive. Even if the time per placed segment becomes longer it may be neglected since the 
robot can work around the clock. Transportation and installation of the automatized solution 
to site also requires time and money. And the automatized solution still would need at least 
one operator.  
 
From a health point of view it is not especially good for the workers to carry an amount of 
segments in one hand and position them with the other hand. The body becomes unevenly 
balanced. It is important that the stacks of sheet segments are positioned relatively close to 
each other around the circumference to prevent the worker for carrying an unnecessary heavy 
load. With the stacks placed close to each other, the amount of carried sheet segments 
required to reach the next stock of segments are lower and hence not as heavy. 
An investigation of the automation possibilities will be performed to see if it is possible to 
automatize the pick and place sequence.  
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Since it is not the stacking procedure that is difficult and time consuming it is better to 
rationalize some of the other activities. Instead of replacing the human labour it is better to 
facilitate for the workers to perform the stacking. 
One way of easing the stacking process is to make a more efficient control of the height of 
the scaffolds. If this were possible it would provide a better working posture for the workers 
and facilitate the stacking.  
The sequences ‘Adjustments of sheet segments’ and ‘Install/adjust steering rods’ are not 
difficult to perform and are not hazardous for the workers. But seen from a time consuming 
perspective the sequences could be rationalised and combined with help of a proper tool that 
allows for an easier and faster correction of the sheet segment pack and adjustment of the 
height of the steering rods. 
The ‘stock segments in stator’ activity is a sequence that requires some time and modification 
along the stacking process. If it was possible to streamline the sequence by standardize the 
equipment used it may be more efficient. Standardization of the sequence is also interesting 
from an automation point of view.  
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4.2 Improvement proposals for the assembly of the stator core 
4.2.1 Device for automatic adjustment of core segments and rise of 

steering rods 

Specification of requirements for the device for automatic adjustment of core segments and 
rise of steering rods: 

• Correct the sheets in the axial direction at the yoke 
• Correct the sheets in the radial direction at the teeth 
• Correct the sheets in the tangential direction at the slots 
• Elevate the steering rods  

 
The degree of correction should reach the same quality as is reached with manual labour. 
Since corrections of large segments can be quite heavy to perform, the correction device has 
to be designed to incorporate enough force to be able to adjust the alignment of the segments 
in a proper way. The device has to be designed in a way that it does not damage the sheets or 
the sheet lamination when it is being used. Since the corrections are performed at the 
dovetails it can be used as a reference for the tool.  
For stability and effectiveness reasons two devices may be incorporated in the same tool. In 
such a way the adjustments of the segments and the rise of the steering rods can be performed 
simultaneously by one worker.  
The tool has to have such flexibility that different slot thicknesses may be adjusted. To be 
able to adjust slot thicknesses of all new designed and refurbished generators the adjustment 
should be able to range from 18,9mm to 32,2mm. 
The radial adjustment requires just a small movement in the radial direction but should be 
able to span the entire pack. Even if the movement is small the segments varies in width from 
170mm to 600mm. The tool should be able to be reconstructed to the segment width. 
The elevation of the steering rods should be the same height as the height of one pack. 
 
The required tool is complex due to the many movements that have to be performed to adjust 
one pack of segments and the re-configurability needed to allow for the tool to be used with 
segments and cores of different sizes. The tool also has to sustain the demanding environment 
and the strenuous use. If a tool like this could be realised combined with a pack-measuring 
device it would be a step further to automatized stacking. 
 

4.2.2 Segment supply 

To transport the heavy piles of stator segments into the stator the overhead crane is used to 
lift the piles over the stator frame. This is a quite slow solution with the possibility of 
dropping the stack of segments if it is done carelessly. Since an overhead crane is normally 
available in every hydropower station it is a cheap and easy solution if performed correctly. It 
is though possible to transport the stack of segments inside the stator under the stator frame 
with some kind of sliding device; preferably a conveyor. The pile of sheet segments are 
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loaded to the conveyor on the outside and moved under the stator frame by the conveyor to 
the inside of the stator. The transportation of the pile of sheet segments under the stator 
eliminates lifting of the pile and may be performed faster than with the use of the overhead 
crane. The solution is interesting due to its simplicity and can be a good solution for 
transportation of material inside the stator for feeding a potential robot with segments, but 
otherwise it is on its own not especially revolutionary for the stacking process.  
 

4.2.3 Scissor lift table for material 

To make the sheet segments reachable for the workers without excessive bending the 
segments have to be placed above the ground at approximately the height of 1000mm. This is 
done today by placing Euro-pallets upon each other until a feasible height of the sheet 
segments are achieved. To adjust the height as the core length increases during the stacking 
process additional Euro-pallets are added. One stack of sheet segments weights about 1000kg 
and the overhead crane is used to place the stack upon the Euro-pallets. 
To avoid the use of the overhead crane as lifting device and Euro-pallets for height 
dimensioning a scissor lift table for material can be used. There are scissor lift tables on the 
market that can be used with a pallet jack. 

 
Figure 39. Scissor lift table[17]. 

Scissor lift tables that are made to be combined with a pallet jack is feasible for the lifting 
procedure since the transfer of the segment stack from the floor to the scissor lift table can 
easily be performed.  
However an investigation of suitable scissor lift tables on the market shows they have to short 
elevation (800mm) and can only be used for the initial lift in the beginning and cannot be 
used throughout the complete stacking process[17]. To get a device that is able to lift the 
segment stack higher it has to be larger and hence more expensive and will require a larger 
footprint inside the stator. A larger device is also more cumbersome to transport. The method 
used today with piled Euro-pallets and the overhead crane is cheap and readily available at 
the site. It is also easy to modify the height of the piled Euro-pallets to match the required 
work height since two workers simply can handle one pallet at the time.  
This solution combined with the importation of material inside the stator with use of a 
conveyor makes it easier and more standardized to stock segments inside the stator and lift 
them to a good working height. But to make the solution possible it will require a number of 
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requisites that are cumbersome to transport and have a large footprint inside the stator. The 
solution may be possible to make use of if the stacking process were stationary in a workshop 
and not moving around different hydropower stations. Because of this lack of flexibility this 
solution will not be investigated further. 
 

4.2.4 Adjust work height during stacking and final assembly 

As the stator core length increases during the stacking process the height of the scaffolds 
have to be adjusted to make it possible for the workers to continue the stacking. The height of 
the scaffolds is today changed approximately every 50cm because of the standard length of 
the scaffolding tubes. This interval is quite high especially for workers of short length and do 
not contribute to a healthy work posture. It is cumbersome and requires additional time to 
heighten the scaffolds, which means that the stage is avoided unless it is absolutely 
necessary. If it were easier to heighten the scaffolds and adjust the specific height as the core 
length increases, it would generate a better-suited work height and hence a better work 
posture. Seen from a workplace health point of view this would be a potential improvement.  
If this could be achieved it would save time during the heightening procedure and probably 
some time during the stacking process due to the more adopted work height. Though the time 
saved is presumably not radical enough to try to achieve this step seen from a time saving 
point of view.  
When presenting the concept to an experienced employee at the company it turned out that 
scissor tables had been used before to perform this heightening procedure. Apparently it 
worked out nicely in the beginning of the scissor lift tables lifetime, but while they were used 
they degraded to an extent that that they become unstable and not suitable to be used as a 
working platform. It is feasible to use scissor lift tables for the lifting procedure since they are 
easy to use, stable and available from many manufacturers. But it is of high importance that 
they are of a robust construction and can be used throughout many projects and make 
themselves worthy the initial investment.  
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4.3 Rotor rim assembly; process overview 
The assembly of the rotor rim is a time consuming and difficult process, since the final 
product has to have to be within tight tolerances that require accuracy and precision of the 
labourers during the assembly. The stacking process when the sheet segments are placed is 
not the time consuming part of the assembly. Just placing the segments in the proper way 
upon each other is not especially difficult and does not require high accuracy. It is the 
measurements and corrections of the rim segments that are time consuming and require high 
precision.  
 
Though since the average rotor rim segment weighs approximately 21kg and the average 
number of segments needed to complete one rotor rim is 3200pcs it becomes together a heavy 
load to lift even if it is distributed amongst number of labourers. From this perspective it is 
interesting to provide solutions to ease this heavy load from the workers. 
 
The rotor rim assembly would not benefit from automation. The measurements and 
corrections that are performed along the stacking process require a system with high 
flexibility and intelligence due to the different situations that can occur when stacking the 
rim. For example, the rim segments can change a little in shape due to localized heating of 
the rim, which will affect the circularity of the rim. Shimming is also often required 
throughout the stacking process since the segments are large and can change in thickness 
from manufacturing. 
Instead of automatize the process it is better to facilitate for the workers to perform their 
work.  

4.4 Improvement proposals for the assembly of the rotor rim 
4.4.1 Lifting of segments 

The average rotor rim segment weights about 21kg according to the statistics. Every sheet is 
carried by hand and involves two labourers per segment. Even if the temporary burden is 
distributed amongst two persons the total weight of the rim is substantial and may affect the 
workers in the long run. 
Since the sequence ‘Position the correct sheet segment at the right place’ is an easy task for a 
human, seen from a technical point of view, but incorporates a lot of changing variables it is 
not a sequence that easily can be automatized due to the amount of flexibility needed.  
To keep the flexibility of humans but support and help the operators during the segment 
carrying part a jib crane can be used. Jib cranes are possible to get in many different 
configurations and may be equipped with all sorts of attachment tools. If it were possible to 
place the jib crane in the centre of the rotor rim it would be feasible since the work area of the 
crane is circular like the rotor. But this is difficult since the rotor spider is placed there and it 
is important that it does not get disrupted as it is used as a horizontal reference for the rotor 
rim. Also the radial measuring device can get dislocated if the centre point area at the spider 
hub or shaft have to be shared with a crane.  
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A possible overhead placement of the crane could be reasonable but would require a support 
structure that easily can be adjusted depending on the size of the rotor.  
The simplest location of the crane is outside of the rotor. This would though require more 
than one crane placed at the periphery since the reach of just one crane in not enough to cover 
the total work area. But this may not be a bad solution since one crane only need to be 
operated by one worker. And with more possible work stations the sequence ‘Position the 
correct sheet segment at the right place’ may be rationalized.  
The solution with cranes outside the rotor is scalable depending on the size of the rotor; 
larger rotor diameter requires more cranes placed around the periphery compared to small 
rotors.  
 
Requirement specification of the jib cranes: 
Reach 
Longer reach of the arm makes it possible to use fewer cranes per rotor. However there is a 
trade-off between the available reach and the lifting capacity. The arm length has to be 
chosen to suit the weight of the segment. The least amount of cranes per rotor is two, since 
only one crane have to cross the centre of the rotor to reach the other side of the rotor relative 
to the mounting place.  
The crane cannot be placed direct at the circumference of the rotor because the scaffolds have 
to be closest to the rotor. The closest possible location of the cranes will have to be next to 
the scaffolds. It is feasible if the arm of the crane is articulated to prevent the crane arm to 
pass over the rotor. 
 
Lifting height 
The statistics shows that the maximum rotor rim length is 2900 mm. The rim is placed on 
support stands that are approximately 800mm high. The maximum lifting height required to 
be able to stack the rim with the longest length is hence 3700mm if the crane is placed on the 
floor.  
If the lifting height is not the most important factor but the ability for a human to pass under 
the crane is, the crane arm have to be placed approximately 2000mm above the scaffolds. If 
the scaffolds are placed 1000mm under the top of the rim at its maximum position the crane 
arm has to be 1000mm above the top of the ring.  
 
Lifting capacity 
The heaviest sheet segment for a rotor rim is about 50kg but can be seen as an extreme since 
the second heaviest sheet segment is 30kg. 
 
Mobility  
To make the solution portable it has to be relative easy to transport and install at the site. 
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4.4.1.1 Investigation of articulated jib cranes on the market 
There are a lot of possible articulated jib cranes on the market with different specifications. 
One articulated jib crane with suitable specifications was chosen to be investigated to see 
how it theoretically would perform with different rotor sizes. 
 
Specifications of articulated jib crane ‘Mobicrane’[18]. 
Reach – Maximum 4000mm 
Lifting height – 2850mm 
Lifting capacity at 4000mm – 30kg  
Mobility – The crane is possible to move easily with a pallet jack. The crane can be 
dismantled for transportation. 
 
There are different arm length possibilities available for the crane. To be able to lift the 
heaviest segment the arm length is reduced to 3000mm. But the second heaviest segment can 
be lifted with an arm length of 4000mm. 
The maximum lifting height when the crane is mounted to a mobile base is not feasible for 
the length of all rotors designed. To bypass this problem the jib crane has to be mounted to a 
longer beam that have to be secured to the floor of the rotor rim assembly location. The beam 
length can be chosen to match the length of the rotor rim. 

 
Figure 40. Articulated jib crane mounted on beam attached to the floor[18]. 

The jib crane is possible to dismantle into smaller parts and can hence be transported more 
easily to the assembly site. 
 

4.4.1.2 Investigation of reach of different rotor sizes 
To investigate the needed number of cranes to reach every placement position around the rim 
the spider, the rim, the scaffolds and the cranes were visualised in CAD. Three different 
crane configurations were tested; two cranes, three cranes and four cranes. In the pictures the 
cranes are orange, the spider is red and the scaffolds are black. The cranes have an arm length 
of 4000mm and the scaffolds have a platform width of 900mm. 
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Two cranes 
The available space between the scaffolds and the rim is chosen to be 600mm, which is 
enough space to fit a segment width of medium value. The spider diameter is selected to 
4000mm and can be seen as the maximum diameter with this two crane configuration. Two 
cranes can therefore be used to assemble a standard wide rim on 3/7 of the designed projects. 
 

 
Figure 41. Two crane layout with a 4000mm rotor spider. 

Three cranes 
As with the two crane configuration the available space between the spider and the scaffolds 
is chosen to be 600mm. The spider diameter is 6000mm, which the three cranes can cover the 
circumference of. Three cranes can thereby be used to assemble a standard wide rim of 6/7 of 
the designed projects. 
 

 
Figure 42. Three crane layout with a 6000mm rotor spider. 

Four cranes 
The maximum case of rotor rim can be assembled with four cranes. The distance between the 
scaffolds and the spider is 900mm, which is enough to fit the maximum widest rim segment. 
The rotor spider is 8000mm, which is larger than the largest spider designed so far. 
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Figure 43. Four crane layout with a 8000mm rotor spider. 

 

4.4.2 Measuring radius at high rotors 

The sequence ‘Measure radius around rotor rim’ can be difficult and dangerous when 
building rotors with long rotor length. It is difficult because it is not possible to reach and 
position the indicator beam manually from the ground. Instead a long stick is used to poke the 
beam into position from the ground or one worker has to stand upon the rotor spider to 
position the beam. This can be dangerous for the worker due to the height and that no 
handrails are available for support. It would be feasible if the position of the beam could be 
safely and easily controlled from the ground.  
 
Specification of requirements 
The positioning device has to be able to: 

• Position the indicator beam accurately 
• Control the movement from the ground. 
• Be used with both loose or fitted rotor axis 

 
These requirements can be fulfilled with a motor mounted on the rotating device that is 
governed from the ground with a controller. There are many different motors on the market 
that can be controlled in various ways. The choice of motor and corresponding controlling 
unit will not be investigated. One possible mounting position for the motor and the transfer of 
movement to the rotation of the beam will be presented. 
 
  



 
 
 

64 

Mounting position 
The motor can be mounted in two ways. The first possibility is to mount it to a fixed position 
on the rotor axis or the rotor spider. This has the benefits that it is possible to keep track of 
the exact position of the motor axis rotation since the motor is fixed. The transmission of 
movement from the motor to the rotating device can be done in several ways i.e. with a 
timing belt or with gears. The attachment of the motor to the rotor axis or spider can be 
difficult to perform since the axis and spider dimensions changes. The solution for the 
attachment has to be flexible to allow for these changes. The drawback with this solution is 
that an additional mounting procedure has to be performed. 
 
The second mounting position for the motor is on the rotating device. By attaching the motor 
to the rotating device the additional mounting step is eliminated along with the attachment 
problems from the first solution. The drawback is that it is maybe not possible to keep track 
of the exact motor position. And the power cables to the motor have to rotate along with the 
rotating device that makes it impossible to rotate the beam in only one direction since the 
cables will be twisted. But the cables will not be twisted if the beam rotates one revolution at 
one direction at the time. One concept with the motor mounted on the rotating will be 
presented. 
 
Concept 
 
 

 
Figure 44. Radial measuring device centre. 

The centre of the radial measuring device is positioned to the top of the rotor spider by 
sliding the three combined hub- and guide-bearings along the axis of the rotating device until 
it fits to the spider hub. To rotate this device along its centre a motor is mounted so that its 
torque can be transferred to one of the hub bearings. 

Fastening plate for indicator beam 

Guide bearing 

Hub Bearing 
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Figure 45. Attachment of electric rotor. 

The motor and hub bearing is locked to the axis by tightening the fastening screws which 
creates a friction coupling to the axis. With a friction coupling it is easy to change the 
location on the axis and the surface of the axis will not be damaged with time. 
To ensure the torque transfer between the attached rubber wheel on the motor axis and the 
hub bearing the motor mount is hinged. By tightening the adjustment screw the friction 
increases between the rubber wheel and bearing. 
 

 
Figure 46. Center of radial measuring device with electric driving motor. 

This is just one possible solution to be able to rotate the radial measuring device. This 
concept works in theory but tests have to be performed to make sure that it works in reality 
with a good result. 
 

Electric motor 

Fastening screws 

Torque transfer 
rubber wheel 

Adjustment screw  
and spring 
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4.5 Automation result 
The simulation time for the robot to place one layer of segments is approximately 7 minutes. 
To finish one pack of segments with this speed it will require approximately 10 hours. The 
movement speed between the different positions is estimated with help of personnel at the 
Automation Centre in Västerås. Since a single segment weights approximately 1kg it is 
possible to have fast movement accelerations and decelerations without affecting the position 
accuracy of the robot.  
The time required to manually stack the simulated core segment pack is approximately 35 
minutes for 6 workers. The time for a single worker to stack one pack of segments is hence 
3,5 hours, which is roughly three times faster than the robot. If the robot works around the 
clock and the worker work a standard working day of 8 hours they will perform the same 
amount of stacked stator core.  
In theory it is possible to stack the stator with a robot but it requires a lot of time. In reality it 
can be difficult to slide the segment along the dovetails because of the tight tolerances 
between the segment notches and the dovetails. The segment can easily stick upon the 
dovetails if the segment is a little misplaced. The time example excludes every activity except 
for the pick and place sequence. In reality the segments have to be adjusted after every pack 
completion.  
 
For the automated simulation to be economically viable the efficiency of the pick and place 
cycle has to be shortened. This can be performed by increasing the possible pick positions of 
the segments inside the stator. The efficiency has to be increased to make up for the erect and 
installation time for the robot. 
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5 Conclusions 
The component parts of both the stator core and the rotor rim are very changeable, not just in 
size. It requires craftsmanship to get the finished result of the cores and the rims to end up 
within the demanded tolerances. Even if the stacking procedures follow almost the same 
workflow between the constructed cores and rims, their individuality makes it very hard to 
rationalize the processes with automation. The flexibility and intelligence needed is difficult 
and expensive to incorporate in an automated process. And there are no guarantees that the 
result ends up with the same quality as is reached today. A simple automation study has been 
performed for the stator core stacking procedure. This study shows that it is theoretically 
possible for a robot mounted in the center of the stator to place sheet segments at the correct 
position. However it is not enough to just place the segments because they also have to be 
adjusted and correctly aligned. Specifications for a tool that aligns stator core segments have 
been presented in section 4.2.1. 
 
Automation of the rotor rim stacking is not feasible due to the craftsmanship required during 
assembly. Aligning of the rim segments and dimensioning of the rim have to be measured 
and corrected several times depending on the segment and rim specifications. This is a 
process that is changeable, requires high precision and flexibility and is therefore more suited 
for manual labour. 
 
Since it is not the stacking process that takes time and is difficult it is better to put focus on 
facilitating for the workers to perform the assembly process. Proposals to facilitate the 
assembly processes for both the stator and the rotor have been presented in section 4.2 and 
section 4.4. 
 
The greatest strength of the assembly processes is the low use of advanced tools or other aids. 
The processes become hence robust to unforeseen circumstances like lost and broken tools 
since they easily can be replaced. The low use of tools also does not require large 
transportation space and installation time at site. The assembly process makes use of the 
readily available aids at each station, like the overhead crane and left over Euro-pallets. This 
strength also is one of its weaknesses since more tools and apparatus probably would shorten 
the assembling time. If the assembling were located at the same location and not moving 
around it would be an alternative to use more advanced tools.  
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6 Discussion 
This thesis work can be seen as a pilot study of the stator core and rotor rim assembly. The 
proposed improvements to certain sequences of the assembly processes are made from what 
the author of this thesis found to be cumbersome and time consuming. A person with another 
background may have found other sequences to have improvement capabilities and proposed 
other solutions. 
 
The project changed from an automation viewpoint to a facilitation viewpoint. In the 
beginning the focus was to propose solutions to automate the assembly processes, but since 
this was found not to be an achievable solution the scope changed to facilitate and make it 
less strenuous for the workers to perform the tasks. To improve the assembly processes the 
main focus maybe not should be about the stacking processes but about the preparation or the 
finishing process since they also requires a lot of time. The repetitive sequences is not as 
pronounced in the preparation and the finishing process as in the stacking process, which 
makes it less obvious to improvement capabilities.  
 
Maybe the core and rim stacking processes is not the processes that should be evaluated for 
improvements. When looking in time schedules it can be seen for example that the winding 
process of a stator is more time consuming than the stacking process. 
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7 Future work 
As this thesis can be seen as at pilot study of the assembly processes it may be an initial 
material to future work in the productivity improvements area. An investigation with another 
main focus would maybe generate interesting results from a time consuming point of view, 
since it is found that the stacking of the core and rim is developed to be fast and easy to 
perform. To find the best area for improvements in the complete generator assembly process, 
time schedules and the cost associated with the different sequences should be investigated to 
maximise the possible improvement outcome. 
 
A few of the proposed improvements in this thesis are chosen to be presented in this section 
since they are regarded as more interesting compared to the others: 
 
1) The concept for the device for rotation of the measuring device during the rotor rim 
stacking should be tested, evaluated and improved to facilitate the measuring process 
especially for rotor with long length. This is a rather simple improvement that should not be 
expensive or difficult to realise. 
 
2) It would also be interesting to test the concept with articulated jib cranes for the placement 
of rotor rim segments, especially for rotor rims that contain many heavy segments. The 
investigation should focus on eventual time spared, if the cranes are feasible for the 
application in practice and if they are simple to install at site. The prospect of sparing the 
workers from the load of many thousands of rim segments while the pick and place time may 
be shortened makes it interesting to evaluate this subject further. 
 
3) To make the automation solution of the core stacking practical in practise the pick and 
place time required for each segment has to be shortened. A concept device for the adjusting 
of sheet segments should also be developed to make the stacking process fully automated. To 
facilitate the automated stacking process the design of the size of the sheet segments and the 
shape of the dovetails should be performed.  
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9 Appendix 
RobotStudio Simulation Code 
MODULE Module1 
    CONST jointtarget HomePosition:=[[0,30,0,0,-30,180],[9E9,9E9,9E9,9E9,9E9,9E9]]; 
    CONST robtarget PickPosition:=[[0.000994732,3367.033302632,-464.711338591],[0.50000001,-
0.500000152,-0.499999833,-0.500000004],[-2,0,2,1],[9E9,9E9,9E9,9E9,9E9,9E9]]; 
    CONST robtarget PickPositionUp:=[[0.001086603,3367.034248229,-364.708699742],[0.500000086,-
0.499999751,-0.499999757,-0.500000406],[0,-1,1,1],[9E9,9E9,9E9,9E9,9E9,9E9]]; 
    CONST jointtarget GripSync:=[[0,36.199988941,32.920149177,0,-
69.120196174,180.000018669],[9E9,9E9,9E9,9E9,9E9,9E9]]; 
    CONST jointtarget OrgPosBeforePlacement:=[[0,-10.364748886,45.076079314,-4.14449006,-
34.781631858,183.406029103],[9E9,9E9,9E9,9E9,9E9,9E9]]; 
    CONST jointtarget SegmentPos1:=[[0,49.148835739,-27.235720825,-0.004469071,-
21.913171263,180.004198745],[9E9,9E9,9E9,9E9,9E9,9E9]]; 
    CONST jointtarget layer1Pos1:=[[0,60.303180107,-27.542997375,-0.003093972,-
32.760295429,180.002600481],[9E9,9E9,9E9,9E9,9E9,9E9]]; 
    PERS tooldata My_Mechanism_1:=[TRUE,[[-191,0,120],[1,0,0,0]],[1,[1,0,0],[1,0,0,0],0,0,0]]; 
    TASK PERS wobjdata disp:=[FALSE,TRUE,"",[[0,0,0],[0.130526,0,0,-0.991445]],[[0,0,0],[1,0,0,0]]]; 
    VAR robtarget mountpos; 
 
    PROC main() 
        VAR num angle:=-180; 
        createTarget; 
        WHILE angle<=180 DO 
            maintestloop angle; 
        ENDWHILE 
    ENDPROC 
 
    PROC createTarget() 
        mountpos:=CalcRobT(layer1Pos1,My_Mechanism_1); 
    ENDPROC 
 
    PROC maintestloop(VAR num angle) 
        VAR jointtarget nexjointt; 
        GetNewPlate; 
        disp.uframe.rot:=OrientZYX(angle,0,0); 
          angle:=angle+15; 
        IF angle<-90 THEN 
            mountpos.robconf.cf1:=-2; 
        ELSEIF angle<0 THEN 
            mountpos.robconf.cf1:=-1; 
        ELSEIF angle<90 THEN 
            mountpos.robconf.cf1:=0; 
        ELSE 
            mountpos.robconf.cf1:=1; 
        ENDIF 
        nexjointt:=CalcJointT(Offs(mountpos,0,-400,100),My_Mechanism_1\WObj:=disp); 
        MoveAbsJ nexjointt,v5000,fine,My_Mechanism_1\WObj:=disp; 
        PulseDO doBendSim; 
        WaitDI diBenT,1; 
        MoveL Offs(mountpos,0,-50,100),v2000,z100,My_Mechanism_1\WObj:=disp; 
        MoveL Offs(mountpos,0,0,100),v100,fine,My_Mechanism_1\WObj:=disp; 
        WaitTime 1.5; 
        PulseDO doUnBendSim; 
        WaitDI diBenT,0; 
        WaitTime 0.5; 
        MoveL Offs(mountpos,0,0,0),v100,fine,My_Mechanism_1\WObj:=disp; 
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        WaitTime 0.5; 
        SetDO doAttachSystem5,0; 
        WaitTime 0.5; 
        MoveL Offs(mountpos,0,0,100),v1000,z100,My_Mechanism_1\WObj:=disp; 
        MoveL Offs(mountpos,0,-500,0),v2000,z100,My_Mechanism_1\WObj:=disp; 
    ENDPROC 
 
    PROC GetNewPlate() 
        MoveAbsJ HomePosition,vMax,z100,My_Mechanism_1\WObj:=wobj0; 
        MoveJ Offs(PickPosition,0,0,100),v2000,z100,My_Mechanism_1\WObj:=wobj0; 
        MoveL PickPosition,v100,fine,My_Mechanism_1\WObj:=wobj0; 
        WaitTime 1; 
        SetDO doAttachSystem5,1; 
        MoveJ Offs(PickPosition,0,0,100),v1000,z100,My_Mechanism_1\WObj:=wobj0; 
        PulseDO doNewSegment; 
        MoveAbsJ GripSync,v1000,fine,My_Mechanism_1\WObj:=wobj0; 
        WaitTime 1; 
        MoveAbsJ OrgPosBeforePlacement,v1000,z100,My_Mechanism_1\WObj:=wobj0; 
    ENDPROC 
 
ENDMODULE 
 


