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1. Introduction

Ensuring the stability of electricity generation and 
the reliability of local and combined power systems is 
largely determined by the reliable operation of hydrogen-
erators (HGs). An important advantage of such units is 
their ability to quickly change operating modes, providing 
maneuverable power and primary/secondary regulation. 
During HG operation, it is important to maintain optimal 
load modes, monitor the technical condition of the nodes, 
and carry out preventive measures in a timely manner. At 
the same time, even with proven technologies, long-term 
operation of the equipment is accompanied by wear, the 
appearance of defects, and a decrease in efficiency, which 

results in a range of reliability issues. Against this back-
ground, the task of identifying critical damage mechanisms 
and their quantitative assessment arises. 

High-power synchronous HGs are vulnerable to static/dy- 
namic eccentricity defects and the associated unbalanced 
magnetic attraction, which provoke overvoltage and damage 
to the damper winding (DW) [1, 2]. Capsule designs (such 
as Straflo) are particularly sensitive to such defects due to 
the small air gap, significant axial and radial stress gradi-
ents, difficult heat dissipation, and increased cyclic loading 
on the solder joints. It is obvious that a reliable quantitative 
assessment of currents, temperatures, and thermomechani-
cal stresses in the damper winding in the presence of static 
eccentricity requires three-dimensional coupled electromag-
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This study investigates a capsule-type 
SGK 538/160–70M hydrogenerator with a rated 
power of 23 MVA. The task addressed relates 
to crack initiation and failure of the damper 
winding in the hydrogenerator in the presence 
of rotor static eccentricity.

A three-dimensional field-based mathematical 
model of the electromagnetic–thermal–mechan-
ical interaction has been constructed to evaluate 
the distributions of currents, temperatures, and 
thermomechanical stresses in the damper wind-
ing segment and in the brazed joints of rods.

It is shown that the occurrence and evolution of 
rotor static eccentricity constitute one of the essen-
tial causes of catastrophic damages and failures in 
hydrogenerators of this type. It has been determined 
that, under rotor static eccentricity of ε = 0.83, the 
local stresses in the joint of the central rod increase 
by a factor of ~3.2 (up to ≈ 540 MPa). This value 
exceeds the tensile strength of copper and explains 
rod ruptures and avalanche-type failure of the seg-
ment. In addition, it was established that the exis-
tence and localization of cracks in brazed joints sig-
nificantly affect the bending (deformation) behavior 
of the pole damper winding segment.

The results could be applied to estimate the ser-
vice life and to upgrade large slow-speed synchro-
nous hydrogenerators (including capsule types). 
Specifically, under the following conditions: 

a) existing or expected eccentricities;
b) high thermal gradients in the end/short-cir-

cuiting parts of the damper winding; 
c) operation with frequent starts/stops or cool-

ing modes close to limiting values.
The effective engineering measures that have 

been proposed, such as improving the mobility of 
rods in slots; revising the number and diameters 
of rods; applying high-strength materials, could 
be implemented in retrofitting projects and when 
repairing the rotor
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netic-thermal-mechanical modeling. Such models should be 
able to localize the crack initiation zone in the solder joints 
and segments and explain the mechanisms of their subse-
quent failure.

A structural feature of the capsule type SGK 538/160–
70M HG (used at the Kyiv and Kaniv HPPs of the Dnieper 
cascade) is a very small air gap (6 mm) with a large rotor 
diameter (4.918 m), which creates prerequisites for the emer-
gence of rotor eccentricity. Static eccentricity (SE) of the rotor 
is more characteristic of HG of this type and may even lead 
to friction of the rotor against the stator core, which immedi-
ately requires the HG to be removed for repair. Smaller levels 
of SE lead to significant TMD and DW damage. In view of 
this, it is obvious that ensuring reliable operation of capsule 
hydrogenerators in the presence of static eccentricity is an 
urgent scientific and technical task. In-depth study of electro-
magnetic processes in damper systems with such deviations 
is important for preventing emergency modes and increasing 
the durability of equipment. The results could lay the founda-
tion for improving methods for diagnosing and maintaining 
high-power HGs.

2. Literature review and problem statement

The task of investigating heating and mechanical stresses 
in the structural elements of HG is addressed in [3–12]. In 
general, the literature demonstrates that static/dynamic ec-
centricity, non-uniform electromagnetic fields, and cooling 
features significantly affect the distributions of currents, 
temperatures, and thermomechanical stresses (TMSs) in the 
DW and pole elements.

In work [3], the physical processes in the damper sys-
tem of the rotor of a six-pole synchronous machine with a 
capacity of 500 kW, which cause the gradual destruction 
of its structure, were investigated. In particular, the dis-
tributions of currents, temperatures, and thermomechan-
ical stresses in the damper winding rods during generator 
operation under asynchronous and asymmetric modes, as 
well as when rotor eccentricity occurs, were investigated. A 
two-dimensional field mathematical model has been built 
that takes into account the joint action of three physical 
fields of different nature, electromagnetic, temperature, and 
thermomechanical stress fields, and makes it possible to es-
timate heating and thermomechanical loads in the damping 
system of the rotor of a salient-pole synchronous machine. 
The limitation of the approach is the 2D formulation, due to 
which mainly point, rather than full-field (3D) TMS model-
ing results are reported. 

In [4], the distributions of induced currents, tem-
peratures, and thermomechanical stresses in the rotor 
damping winding rods of a capsule hydrogenerator of the 
SGK 538/160-70M type were investigated using mathemat-
ical modeling methods in the presence of a typical defect – 
the emergence of static rotor eccentricity. It is shown that 
in the presence of significant rotor eccentricity, large and 
significantly unevenly distributed currents are induced in 
the rotor rods. They, in turn, cause uneven heating and 
asymmetric TMS, which are dangerous and lead to rapid 
destruction of rotor’s DW. At the same time, the 2D formu-
lation and simplified analytical model of the pole limit the 
evaluation of spatial gradients and local extrema of TMS. 
This is a significant drawback of paper [4].

In [5], the three-dimensional distribution of TMS in the 
rotor core rods of the SGK 538/160–70M capsule hydro-
generator type was studied using mathematical modeling 
methods in the presence of a characteristic defect – the static 
eccentricity of the rotor. It was shown that at large values of 
eccentricity, significantly uneven TMSs appear in the rods, 
the values of which are dangerous and contribute to the rapid 
destruction of rotor DW. The disadvantage of the work is a 
limited overview of the problem and the lack of analysis of 
the nucleation/localization of cracks in joints (solder joints) 
and segments.

Taking into account the practice of [3–5], it is obvious that 
it is advisable to build and apply coupled 3D models of elec-
tromagnetic, thermal, and mechanical analysis, which make 
it possible to localize TMS peaks in critical zones – rod solder 
joints and short-circuiting segments.

In [6], damage on the pole shoe surface of a powerful 
capsule hydrogenerator is investigated, both based on real 
damage characteristics and in combination with physical 
field analysis. Failure mechanisms are shown with respect 
to operating conditions, design, and materials; trouble-
shooting methods and design improvement strategies are 
proposed. At the same time, the spatial distributions of 
mechanical stresses in the rotor pole elements remain in-
completely investigated as the emphasis is on temperature 
observations.

In [7], a 3D model of air flow distribution and tempera-
ture field was constructed for a 1000 MW hydrogenerator 
under development based on the design of a 250 MW fan-
less air-cooled hydrogenerator. Using the computational 
flow dynamics approach, the cooling air flow distribution 
and temperature distribution in the rotor structure were 
investigated. Most attention was paid to axial and radial 
changes in the directions of cooling air flows between 
adjacent poles. In addition, a detailed study of the pat-
terns of changes in the heat transfer coefficients of pole 
shoes and damper rods was carried out. The calculated 
temperature of the excitation windings coincided with the 
measured value.

In [8], the electromagnetic field of a 250 MW hydrogene-
rator was calculated and the power losses and heating in the 
rotor elements were determined; the influence of structural 
elements on the distribution of cooling air and temperature 
was analyzed using the finite volume method. The results 
were compared with the experiment.

Despite the thermal models built in [7, 8], the meth-
odological basis for the direct determination of TMSs in 
structural elements remains insufficient. Further research is 
required to integrate thermal models with strength calcula-
tions for the correct assessment of local stresses.

In [9], the authors analyzed the waveforms of the no-
load voltage, losses in the damper rods, and heat release 
when varying the rod pitch and the bevel of the stator slots 
in a 36 MW capsule hydrogenerator. Field electromagnetic 
models were constructed taking into account electrical cir-
cuits and a 3D thermal model of the rotor. It was found that 
a rational increase in the rod pitch and the bevel of the slots 
improve the voltage shape and reduce the temperature of the 
rods. However, the influence of these parameters on TMSs 
in pole elements and the relationship with potential damage 
was considered to a limited extent.

In study [10], the authors constructed models for ana-
lyzing the electromagnetic field, power losses in the DW 
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and heat generation in a capsule hydrogenerator with a ca-
pacity of 36 MW. The results showed that the electromag-
netic field model for the steady-state mode does not fully 
take into account several key factors, such as tooth and 
groove effects, the main magnetic field, and the armature 
reaction. At the same time, it is more effective compared 
to the electromagnetic field model with step integration 
under the transient mode. As a result, the magnetic field, 
losses in the damper rods, and heat generation calculated 
by this model have significant deviations from observa-
tions on a real generator. In comparison, the electromag-
netic field model with step integration under the transient 
mode of motion, due to the ability to take these factors 
into account, provides more comprehensive and justified 
results. However, mechanical stresses and damage to pole 
elements were not investigated in [10] – the focus was on 
comparing electromagnetic field models.

In [11], variants of capsule hydrogenerator designs with 
an integer and fractional number of slots per pole and phase 
were considered. Trends in the influence of different degrees 
of slot offset on the quality of the no-load voltage waveforms, 
losses in the DW and heat dissipation in the rated load mode 
were found. These results were also compared with data for 
the classical hydrogenerator design with a stator beveled by 
one slot. It is shown that for a generator with an integer num-
ber of slots, the offset scheme provides a voltage shape close 
to the classical scheme with a stator beveled by one slot – 
with lower losses/heat dissipation in DW. And for fractional 
numbers of slots, the results are opposite. The issues of the 
influence of uneven heating of rods on TMSs in short-circuit-
ed segments and the initiation of damage remained outside 
the scope of the analysis.

In [12], the authors analyzed the main causes of dam-
age to the damper rods on the leeward side of the rotor 
poles and proposed a way to optimize the design of a 
24 MW hydrogenerator. The distributions of eddy current 
densities in the damper rods were investigated and the 
phenomenon of their asymmetric distribution over the rod 
area was revealed. Based on the study of the distribution of 
eddy currents under various conditions, it was confirmed 
that the main factors affecting the asymmetric distribution 
of eddy currents in the damper rods are the stator slots 
and the armature reaction. However, in-depth modeling of 
mechanical stresses and mechanisms of damage formation 
in the DW was not performed since the emphasis was on 
electromagnetic aspects. 

Despite significant progress in the study of electromag-
netic and thermal processes in HGs, the complex influence 
of SE on thermomechanical phenomena in DW remains 
insufficiently studied. Available papers are mostly limited 
to simplified formulations or do not take into account the 
initiation and evolution of cracks in critical zones, which 
makes it impossible to reliably predict failures. Thus, the 
task to establish the mechanisms of damage and loss of in-
tegrity of the damper winding under conditions of spatial 
non-uniformity of fields and structural defects remains to 
be solved.

3. The aim and objectives of the study

The purpose of our study is to identify mechanisms 
behind the processes of crack formation and destruction 

of the damper winding of a capsule-type hydrogenerator 
in the presence of static eccentricity of the rotor. This will 
make it possible to identify the weakest points of DW from 
a mechanical point of view and subsequently improve the 
DW structure.

To achieve this aim, the following objectives were accom-
plished:

– to determine the sites of possible occurrence of DW 
cracks;

– to simulate the emergence of cracks near the extreme 
and central rods of DW;

– to simulate the emergence of a crack in the middle of the 
outer surface of the short-circuit segment;

– to simulate the separation of the central rod of DW;
– to simulate the free bending deformations of the 

short-circuit segment of DW.

4. The study materials and methods

The object of our study was the SGK 538/160–70M type 
capsule hydrogenerator with the following specifications: 
linear voltage of the stator winding – 6.3 kV; stator wind-
ing current – 2,070 A; power factor (shift) соsφ – 0.974; ef-
ficiency – 96.1%. It is also known that the number of poles 
is 70; the length of the active part of the rotor is 1.6 m; 
one-sided air gap under the middle of the pole δ = 6 mm. 
Mechanical parameters of the copper of the DW rotor rods: 
the yield strength is σtk_Cu = 280 MPa, and the strength 
limit is σmc_Cu = 390 MPa. On each pole of the rotor there 
are three copper DW rods with a diameter of 17.5 mm and 
a length of 1.653 m, which are soldered to the short-circuit-
ing segments. The soldering point is often termed a “solder 
joint” in the literature. Parts of DW at different poles are 
electrically connected by jumpers (longitudinal-transverse 
type of DW design).

The hypothesis of the study assumes that the SE of 
the rotor of the capsule HG is a determining factor in the 
origin and evolution of DW damage since it causes spatial 
non-uniformity of electromagnetic, thermal, and thermo-
mechanical fields, which is critical for maintaining its 
structural integrity.

The following assumptions were adopted regarding the 
geometry of defects:

1. To determine potential crack formation zones, prelim-
inary modeling of TMSs was performed for the intact DW; 
critical areas were identified: solder joints of the extreme 
and central rods and the middle of the outer surface of the 
short-circuiting segment.

2. The crack shape was assumed to be wedge-shaped 
for the entire thickness of the solder joint (up to 2 mm) 
adjacent to the short-circuiting segment; the wedge angle 
was 2°.

3. Cracks were modeled in the solder joints of two rods – 
the extreme (left) and central rod.

4. A crack of similar size was modeled in the middle 
of the solid outer surface of the short-circuiting segment 
of DW.

The following simplifications were accepted in the study:
1. Calculations are performed for a pole located near the 

minimum air gap that arose as a result of SE.
2. The simulation was carried out for the steady-state 

mode of HG at the rated symmetrical load.
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3. Only the following rotor faults were considered: signif-
icant rotor SE with a value of ε = 0.83 (displacement ≈ 5 mm) 
and the presence of cracks in the rod solder joints and in the 
short-circuiting segment of DW.

The simulation of electromagnetic, thermal, and mechan-
ical processes was performed in the COMSOL Multiphysics 
environment using the AC/to, Heat Transfer in Solids, and 
Structural Mechanics modules. To reproduce the real in-
teraction of fields, a sequential multiphysics coupling was 
applied: electromagnetic problem → thermal problem → 
strength problem.

At the stage of calculating electromagnetic fields, a 
three-dimensional distribution of current density in the 
rods and short-circuited segments of DW was determined. 
Joule losses are automatically transferred to the thermal 
model as volumetric heat sources, which ensures the 
consistency of physical fields and realistic heating distri-
bution.

The thermal model determines the spatial tempera-
ture field, which is used as a thermal load for estimating 
mechanical deformations and equivalent stresses at the 
next stage. This approach makes it possible to reproduce 
local stress concentrators in the areas of welds and poten-
tial cracks.

To correctly reproduce electrical processes, an equiva-
lent electrical circuit of DW was constructed. Each rod is 
modeled by a branch with the corresponding resistance and 
inductance parameters, short-circuiting segments are mod-
eled by similar elements, and interpole jumpers take into 
account their own electrical characteristics. This scheme 
makes it possible to take into account local effects of SE, 
correctly reproduce the distribution of currents in the pole, 
and transfer Joule losses to the thermal model for a realistic 
assessment of the heating of joints and segments.

The boundary conditions of heat exchange take into 
account the capsule design of the rotor and local axial and 
radial velocity gradients of the cooling medium. The ther-
mal conductivity of materials and contact heat exchange 
in the weld zones were determined according to reference 
and specifications data. Test calculations were carried 
out to assess the sensitivity of the results to variations in 
convection coefficients and the stability of the computa-
tional process. 

The basic output indicators are the spatial distributions 
of current density, temperature, and equivalent mechanical 
stresses. Special attention was paid to local stress maxima 
in the weld zones and short-circuiting segments since these 
areas are potentially dangerous for the integrity of the wind-
ing. Additionally, the influence of the localization and ori-
entation of nucleated cracks on the deformation shape of the 
short-circuiting segments was analyzed. The computational 
process was implemented using a segregated solver, which 
makes it possible to control the convergence of the mesh, es-
pecially in areas with stress concentration. The correctness 
of the model was verified by comparing the energy balance 
of the electromagnetic and thermal problems, analyzing 
the mesh convergence in critical zones, and assessing the 
sensitivity of the results to changes in the cooling boundary 
conditions. This approach provides a comprehensive assess-
ment of the relationship between electromagnetic, thermal, 
and thermomechanical processes, which is critically im-
portant for predicting the emergence of cracks and the DW 
failure in a capsule HG.

5. Results of research into the processes of crack 
formation and fracture of the damper winding of a 

rotor with eccentricity

5. 1. Determining the sites of possible occurrence of 
cracks in the damper winding based on a mathemati-
cal model

The mathematical model takes into account the interac-
tion of three physical processes: electromagnetic, thermal, 
and thermomechanical (taking into account both heating and 
centrifugal mechanical stresses at rotor rotation). According 
to the results of our calculations, the currents in the rods and 
short-circuit segments of DW, which arise when SE appears, 
were determined. These currents are the primary source of 
DW heating.

Thermal power losses in the rods and short-circuit seg-
ments of DW are determined from the following formula

( ) ( ) 2
, , , , ,Q x y z J x y z γ=  			   (1)

where γ is the electrical conductivity of DW material, J is the 
current density.

The mathematical model of the temperature field is based 
on the stationary differential equation of heat conduction. In 
Cartesian coordinates in the three-dimensional statement, 
the equation is written as follows

( ) ( ) ( )

( )

2 2 2

2 2 2

, , , , , ,

, , ,

x y z x y z x y z
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θ θ θ
λ
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∂ ∂ ∂  
= − 	 (2)

where θ(x, y, z) is the unknown temperature distribution 
function; λ is the thermal conductivity coefficient; Q(x, y, z) is 
the volumetric specific sources of the thermal field [W/m3], 
which, in fact, are Joule losses in DW.

The field three-dimensional mathematical model of the 
stress-strain state of DW within one pole is based on a sys-
tem of partial differential equations of stationary problems 
in structural mechanics. In general, this system of equations 
takes the following form

0 ,
,

F S F
F u I

 = ∇⋅ ⋅ +


= ∇ +



 			     	 (3)

where ∇ – Hamilton operator; S – force tensor; F – strain 
gradient tensor; u∇  – displacement gradient; I – moment 
of inertia; F



 – distributed mass force vector (temperature 
strain force).

The basic calculated quantity for analyzing the stress-
strain state is the von Mises mechanical stress tensor. It 
characterizes the average value of mechanical stresses that 
arise in a unit volume of material under the influence of the 
joint action of force factors of different spatial directions and 
different physical nature.

Experience in the operation of the studied HG has shown 
that damage to the pole DW often occurs at the end of its 
segment (Fig. 1, a). However, there is a need for a more in-
depth study of the sites of possible emergence of cracks in 
the damper winding using mathematical modeling methods. 
Fig. 1, a shows the detachment of the short-circuited segment 
of the damper winding, the burnout of steel around the pole 
rods in the studied HG [4].
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The process of modeling the heating of DW was carried 
out on the basis of the results from calculating its electrical 
circuit, which is given in [4]. At the same time, the currents 
in it were distributed in a certain way in accordance with the 
studied level of SE. The results of modeling the heating of the 
DW fragment within one pole in the presence of rotor SE (and 
without cracks) are shown in Fig. 1, b.

Fig. 1, c shows the distribution of TMSs in the volume 
of the short-circuit segment and DW rods in the presence 
of rotor SE with a value of ε = 0.83, in particular, red col-
ors correspond to larger values of TMS values. For a better 
demonstration of the spatial shape of the bending of the DW 
fragment, the values of thermomechanical deformations 
were intentionally increased by 500 times.

In Fig. 1, c, the three most loaded areas, from the point of 
view of TMSs, are clearly visible:

– area 1 – in the extreme rods from the end side of the 
short-circuiting segment (mark 1 in Fig. 1, c). In this zone, a 
crack can potentially appear in the solder joint between the 
rod and the short-circuiting segment;

– area 2 – between the central rod and the short-circuiting 
segment (mark 2 in Fig. 1, c). Similarly to Area 1, such a de-

flection can cause a crack in the solder joint between the rod 
and the short-circuiting segment, or even a rod detachment;

– area 3 – in the middle of the outer surface of the 
short-circuiting segment (mark 3 in Fig. 1, c). In this zone, a 
potential crack can form due to alternating forces acting on 
the short-circuiting segment in the presence of SE: periodic 
transition of HG from the operating mode to the idle mode 
and vice versa.

5. 2. Modeling of cracks near the extreme and cen-
tral rods of the damper winding

In order to determine the maximum values of TMSs that 
occur in the depth of the solder joints, the results of modeling 
the above segment of DW (Fig. 1, c) were analyzed in more 
detail. For this purpose, the values and distribution of TMSs 
were determined in the axial section (two-dimensional plane) 
of the DW segment (Fig. 2, a). The scale on the right is condi-
tionally limited to 50 MPa so that the TMS distribution in the 
figure is more pronounced. In the upper part of Fig. 2, a, red 
circles outline the areas of the solder joints in which there are 
cracks. At the same time, the lower part of Fig. 2, a reflects a 
variant of an intact DW (without cracks) but with the existing 
SE of the HG rotor.

Fig. 1. The studied SGK 538/160–70M type hydrogenerator: a – photograph of a pole with a torn off short-circuiting 
segment of the damper winding and steel burnout around the rods; b – temperature distributions in the damper winding of 
one pole (°C) obtained from the simulation results; c – thermomechanical stresses in the damper winding at a static rotor 

eccentricity ε = 0.83 (MPa, deformation values are increased 500 times for clarity)

a b

c
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From the lower part of Fig. 2, a it is clear that in the solder 
joints there are small values of TMSs. Thus, from the outside 
around the extreme rods (where the tensile forces act) TMS 
is 62 MPa. And from the inside of the extreme rods (where 
the compressive forces act) TMS is 159 MPa. Around the 

central rod, TMS is 167 MPa. When cracks appear (upper part 
of Fig. 2, a), these TMS values will increase sharply.

Fig. 2, b–d shows (magnified) areas around the solder 
joint of the extreme and central rods both in the absence of a 
crack and when it appears.

Fig. 2. Distributions of the tensor of mechanical stresses of the hydrogenerator when static eccentricity occurs (MPa): 	
a – in the plane of the central rod of the damper winding (circles show the areas of crack locations); 	

b – in the short-circuiting segment in the area of the solder joint of the extreme rod in the absence of a crack; 	
c – in the short-circuiting segment in the area of the solder joint of the extreme rod in the presence of a crack; 	

d – in the area of the solder joint of the central rod in the absence of a crack; 	
e – in the area of the solder joint of the central rod in the presence of a crack

a

b c

d e
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5. 3. Modeling the emergence of a crack in the 
middle of the outer surface of the short-circuiting 
segment

A crack in the middle of the outer surface of the 
short-circuiting segment (mark 3 in Fig. 1, c) can form due 
to time-varying deformations since there are increased 
TMS values in this area. The destruction of the short-cir-
cuiting segment occurs not near the surface but primarily 
near the sharp edge of the crack in the thickness of the 
material itself.

Fig. 3, a, b shows the linear distribution of TMS value 
in the copper mass of the short-circuiting segment near the 

solder joint (shown by a bold red line) without a crack and 
in its presence.

Fig. 3, c, d shows the distribution of TMS value in the 
short-circuiting segment at depths of 0.05 mm (Fig. 3, c) 
and 2 mm (Fig. 3, d) below the surface along the entire 
length of the segment. The plot is for two options:

1) without a crack (curve 1 in Fig. 3, c, d);
2) with a crack (curve 2 in Fig. 3, c, d) on the outer side 

of the short-circuiting segment.
Fig. 3 demonstrates that when cracks appear, the values 

of TMSs increase exponentially and significantly depend on 
their location in the elements of the damper winding.

Fig. 3. Distributions of the mechanical stress tensor (designation in the figures: 1 – in the absence of a crack, 	
2 – in the presence of a crack): a – in the area of the short-circuiting segment in the area of the solder joint near the extreme 

rod; b – in the area of the short-circuiting segment in the area of the solder joint near the central rod; 	
c – in the array of the short-circuiting segment at a depth of 0.05 mm below the surface; d – in the array of the short-

circuiting segment at a depth of 2 mm below the surface

a b

с

d
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5. 4. Modeling the separation of the central rod of 
the damper winding

During the study, a simulation of the processes that will 
occur in DW when its central rod is separated was carried 
out. This type of damage can occur, including due to exceed-
ing the TMS of the material’s tensile strength when a crack 
appears at the point of attachment of the central rod to the 
short-circuiting segment (curve 2 in Fig. 3, b).

Fig. 4, a shows the radial bending of the outer side of the 
short-circuiting segment, which has a crack in the middle. 

The magnitudes of the deformations of DW are increased 
by 500 times for clarity. Fig. 4, b shows the axial bending 
of the short-circuiting segment of the two-rod model of the 
DW pole and the distribution of TMSs in the DW array when 
the central rod breaks. Fig. 4, c shows the distribution of 
TMS value in the material of the short-circuiting segment 
at a depth of 2 mm (under the surface on the outer side) 
along its entire length both when a crack appears on the 
outer side (curve 1 in Fig. 4, c) and when the central rod 
fails (curve 2 in Fig. 4, c).

Fig. 4. Distributions of the mechanical stress tensor: a – three-dimensional, showing the radial bending of the short-circuit 
segment of the three-rod model of the damping winding, which has a crack in the middle on the outer side (the deformation 

values are increased by 500 times for clarity); b – three-dimensional, showing the axial bending of the short-circuit segment of 
the two-rod model of the damping winding of the pole, which has a crack after the separation of the central rod (the deformation 

values are increased by 200 times for clarity); c – in the material of the short-circuit segment at a depth of 2 mm below the 
surface on the outer side along its entire length (plot designations: 1 – when a crack appears (corresponds to option a), 	

2 – when the central rod is destroyed (corresponds to option b))

с

b

a
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Fig. 4, c demonstrates that when transitioning from the 
“existing crack” state to the “break” state of the central rod, a 
huge difference in TMSs occurs in the middle of the short-cir-
cuited segment, which leads to its destruction.

5. 5. Modeling of free bending deformations of the 
short-circuit segment of the damper winding

The design of the hydrogenerator, which is considered 
in this study, does not provide for the possibility of axial 
displacement of the damper winding rods in the slots of the 
pole tip under the influence of various kinds of forces. This 
circumstance does not allow the rods of DW to occupy a posi-
tion that corresponds to a certain level of thermomechanical 
deformations, and this, in turn, is actually an additional 
reason for the rods breaking off from the short-circuit seg-
ment (Fig. 1, a).

Fig. 5, a, b shows the bending deformations of the DW seg-
ment of one pole, which is under different conditions and states.

Analysis of Fig. 5, a, b reveals that the presence of cracks 
in the welds of DW against the background of the static ec-
centricity of HG rotor significantly distorts the shape of the 
bending deformations.

6. Results of research on the processes of crack 
formation and destruction of the rotor damper 

winding: discussion 

To analyze crack formation in the damper winding, three 
local scenarios were considered: two rod seams and a crack in 
the middle of the outer surface of the short-circuiting segment. 
To assess the consequences of the complete separation of the 
central rod from the short-circuiting segment, an analysis of 
local thermomechanical stresses and deformations was per-
formed. The latter damage may occur due to exceeding the lo-
cal TMSs of the strength limit of the material of DW elements.

Fig. 1, b demonstrates that the central rod is the least 
heated: its temperature is close to the temperature of the pole 
core (~75°C), while the temperature of the extreme rods is sig-
nificantly higher (~93.1°C). These results are consistent with 
the data reported in [7, 8], which show an increase in tempera-
tures in the extreme rods with static eccentricity. As a result, 
the induced EMF excites current loops within the pole along 

the outer annular loop of the short-circuited fragment of DW, 
and the extreme rods carry a larger share of current/losses. The 
calculated values of the currents in the extreme rods are about 
3,245 A (current density up to ~13.5 A/mm2, which significant-
ly exceeds the acceptable for transient regimes ~2.37 A/mm2).  
Accordingly, the extreme rods undergo greater thermal elonga-
tions in the axial direction than the central one, which forms 
deformation gradients and local areas of increased TMSs in the 
seams and segment. Such a thermomechanical imbalance is the 
root cause of the genesis of cracks and bending deformations of 
DW arc segment.

The spatial maps of currents, temperatures, and TMSs ob-
tained in our work are consistent with the generalized conclu-
sions on the consequences of eccentricity and with diagnostic 
methods [1, 2]. In [3–5], the influence of regime factors, eccen-
tricity and/or TMS without explicit defectology was analyzed. 
In comparison with them, the 3D coupled modeling proposed 
here clarifies the localization of TMS peaks precisely in the 

seams and in the middle of 
the segment and adds explicit 
modeling of cracks.

The increased temperature 
gradients in the zone of the ex-
treme rods and the short-cir-
cuiting segment obtained in 
our work are consistent with 
the trends in the distribution 
of cooling flows and heat ex-
change given in [7, 8]. In con-
trast to the above works, we 
have performed coupled electro-
magnetic-thermal-mechanical 
modeling. It transfers the cal-
culated temperature fields into 
thermal loads for the strength 
problem and makes it possible 
to directly estimate local TMSs 
in structural elements.

The asymmetry of cur-
rents and temperatures (increased values in the extreme 
rods) revealed in the study corresponds to the results report-
ed in [9, 11, 12] regarding the role of tooth-and-groove effects 
and current-closing circuits in capsule hydrogenerators. The 
proposed approach brings this picture to the level of local 
strength criteria, demonstrating how electromagnetic and 
thermal asymmetries are transformed into TMS peaks and 
crack initiation in the seams and segment.

Work [10] shows that the results of the calculation of loss-
es and heating significantly depend on the selected electro-
magnetic model (for example, taking into account/not taking 
into account the tooth-and-groove effects, spatial three-di-
mensionality, armature reaction). This model uncertainty 
can be transferred to thermal estimates and, ultimately, to es-
timates of thermomechanical stresses. In our study, coupled 
electromagnetic-thermal-mechanical modeling with a con-
sistent transfer of calculated losses to thermal and strength 
statements was used, which reduces the accumulation of er-
ror due to the inconsistency of the models at different stages 
of the calculation. At the same time, operational observations 
of overheating and local burning (erosion) of the pole shoe 
surface [6] are consistent with the risk zones identified in the 
work in the short-circuit segment.

Unlike studies in which analysis was limited to the 
distributions of TMSs without explicit modeling of cracks 

Fig. 5. Bending deformations of the damper winding: a – without cracks with the possibility 
of free movement of the rods in the grooves (the deformation values are increased by 3 times 

for clarity); b – with the presence of cracks near the central and leftmost rods and with the 
possibility of their free movement in the grooves (the deformation values are increased 	

by 25 times for clarity)

a b
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[3–5, 7–12], in our work three typical defects were paramet-
rically modeled. Wedge-shaped cracks in the seams of the 
extreme and central rods and a crack in the middle of the 
outer surface of the short-circuiting segment were simulated. 
This approach makes it possible to trace the chain “inho-
mogeneous currents → uneven heating → local TMSs → 
localization/evolution of cracks → loss of segment integrity”. 
That became possible due to the improvement of the three-di-
mensional model with coupled electromagnetic-thermal-me-
chanical analysis and explicit consideration of the geometry 
of cracks in critical zones.

As is known, TMSs can act both in tension and in 
compression. For crack initiation, local tension is deci-
sive (areas 1, 2 in Fig. 1, c). The prolonged action of cyclic 
compression, exceeding the yield strength, causes residual 
deformations and, ultimately, can also lead to crack forma-
tion (area 3 in Fig. 1, c). Therefore, the assessment of only the 
stress state in the plane of the soldered joint is insufficient – 
an analysis of the zone around the joint is necessary, which 
after soldering functions as a single array with the joint and 
determines the real strength of the joint. Thus, our results 
confirm the critical role of tensile TMS cells in joints (in 
agreement with [3]) and supplement them with their local-
ization on the joint geometry, which was lacking in previous 
publications.

Analysis of TMS distribution (Fig. 3, a, b) clearly shows 
that in the intact solder joint of the leftmost rod, the maximum 
TMS falls on the end of the joint and is ~41 MPa (blue curve). 
And in the presence of a crack – ~164 MPa (~ 4-fold increase, 
green curve). Similarly for the central rod: ~170 MPa without 
damage and ~540 MPa with a crack (~ 3.2-fold increase), while  
the maximum is shifted to the beginning of the joint – closer 
to the rod. The obtained value of 540 MPa exceeds the tensile 
strength of the copper of the joint/rod, which can lead to the 
separation of the central rod from the short-circuiting segment. 
Qualitatively, this corresponds to the mechanisms of degrada-
tion of nodes with weakened joints (see the generalization in [1]) 
and operational observations of local overheating/damage in 
capsule machines [6]. Similar local TMS peaks were previously 
identified in [3, 5], but in our study they are reproduced taking 
into account explicit crack modeling.

Thus, the triggering factor for the destruction of DW is 
local peaks of TMSs in the seams of the central and extreme 
rods. After the detachment of the central rod, the extreme rod 
becomes the next most vulnerable (Fig. 1, a); with a larger 
number of rods and similar conditions, an avalanche-like 
scenario of destruction is possible. In addition, in the event 
of a rod detachment on the opposite side of the pole, the 
deformation of the short-circuiting segment under the action 
of centrifugal forces can cause contact/damage to the frontal 
parts of the stator winding. This situation potentially leads 
to an emergency shutdown of HG. Similar secondary risks 
are consistent with practical conclusions regarding capsule 
structures [4, 7]. The behavior of TMSs in the thickness of 
the segment material is important. The plots in Fig. 3, c, d 
demonstrate that at a depth of ~0.05 mm under the surface 
of the segment, the emergence of a crack leads to a decrease 
in TMSs by approximately three times (curve 2 in Fig. 3, c). 
At a depth of ~2 mm, TMSs increase sharply (curve 2 
in Fig. 3, d) to a level of 320 MPa. This value exceeds the yield 
strength of copper (σtk_Cu = 280 MPa) and is 83% of its tensile 
strength (σmc_Cu = 390 MPa). This indicates the formation of 
damage accumulation centers in the subsurface layers of the 
segment and progression to residual deformations/instability. 

In addition to axial elongations, radial expansions and 
bends occur in the short-circuited segment zone. According 
to Fig. 4, a, the maximum curvature (bend) is recorded in 
the area of the central rod. This increases the load on the 
crack in the middle of the outer surface of the segment and is 
combined with the action of local TMSs in this area. At the 
moment of separation of the central rod, the instantaneous 
difference in TMSs in the middle of the segment reach-
es ~ 326 MPa, which contributes to the initiation or growth of 
a crack or even a sudden fracture of the segment in this zone. 
In this case, not only the magnitude but also the sign of the 
stresses changes (from compression to tension), which radi-
cally affects the stability of the defect. Taking into account 
the influence of geometric parameters on the fields/currents 
shown in [9, 11], the obtained asymmetric bending response 
is an expected consequence of the detected asymmetries.

The redistribution of forces after the separation of the cen-
tral rod increases the risk of loss of integrity of the extreme rod. 
The reason is the emergence of a bending moment in the area of 
the exit of the extreme rod from the groove of the pole tip (lever-
age effect), where the calculated TMSs reach ~ 263 MPa. This is 
the situation that explains the observed (in Fig. 1, a) combined 
failure – damage to both the central and extreme rods. This is 
consistent with the conclusions from [12] regarding the asym-
metry of eddy currents in the rods and its role in the occurrence 
of dangerous local stresses. 

Having analyzed the results in chapter 5. 5, we can 
conclude that static eccentricity can cause not only the 
separation of the central rod but also the destruction of the 
short-circuiting segment itself. The key design risk factors are 
insufficient mobility of the rods in the pole piece slots and a 
small number of rods in the segment (oddity induces a “weak 
link”). These findings correlate with engineering recommen-
dations for rotor optimization in capsule HGs [4, 7–9, 11].

The assessment of free bending deformations of DF (Fig. 5) 
demonstrates the role of geometric and defect asymmetry. For a 
conditionally “free” DF (without seams and defects), the bend-
ing is practically symmetrical, with a maximum deformation of 
up to ~40 mm (Fig. 5, a). In the presence of cracks in the seams 
of the extreme left and central rods, the bending becomes clearly 
asymmetric (Fig. 5, b), the maximum deformation decreas-
es (~3.5 mm) but is concentrated near the defective side. This 
qualitatively confirms the role of cracks in the formation of the 
bending response. The shape of the deformations significantly 
depends on the type, size, and localization of the defects.

Comparison with the literature and contribution to solv-
ing the problem (chapter 2). Unlike studies in which electro-
magnetic and thermal aspects or 3D-TMS without explicit 
defectology were worked out in detail, our results bridge the 
noted gap. A coupled electromagnetic-thermal-mechanical 
analysis is provided up to the level of localization of TMS 
maxima in the seams and segment, the scenarios “crack → 
rod breakage → avalanche-like fracture of the segment” and 
the influence of cracks on the bending response are shown. 
This forms engineering-suitable risk criteria for assessing 
the durability/reliability of capsule hydrogenerators with an 
existing SE.

Based on our results, the following structural and tech-
nological measures have been proposed to reduce the risk of 
failures of pole DW:

1. Increasing the mobility of the rods in the grooves (for 
example, insertable insulated bushings with high-tempera-
ture lubricant).

2. An even number of rods in the segment.
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3. Increasing the number of rods (smaller diameter of each).
4. Locally increasing the diameter of the extreme rods.
5. Considering the possibility of using materials of in-

creased strength (brass/bronze) with an assessment of the 
compromise “strength ↔ losses”.

These measures correlate with the identified failure 
mechanisms and could be integrated at the stages of modern-
ization/repair.

Our study focuses on steady-state rated mode and static 
eccentricity; shock loads, short-term asynchronous modes, 
and cyclic temperature effects during frequent starts/stops 
were not taken into account. Further studies should be 
directed to expand the scenarios (dynamic eccentricity, 
transient and quasi-static modes), to analyze statistics of 
weld defects, and to experimentally validate subsurface 
TMS peaks.

7. Conclusions 

1. A three-dimensional field model of coupled electro-
magnetic-thermal-mechanical analysis of the damper wind-
ing segment has been built, which makes it possible to 
determine 3D distributions of temperature, TMSs, and defor-
mations in DW. The maximum temperature of the extreme 
rods in the model reaches ~93.1°C, and the current density 
is up to ~13.5 A/mm2, which exceeds the permissible values 
for transient modes (~2.37 A/mm2). Critical zones of poten-
tial crack formation have been identified, namely, the solder 
joints of the rods and the middle of the outer surface of the 
short-circuiting segment.

2. According to our simulation results, it was found that 
in the solder joint of the extreme left rod, the maximum of 
TMSs falls on the end of the joint and increases approx-
imately 4 times in the presence of a crack. In the joint of 
the central rod, the maximum is shifted to the beginning 
of the joint (closer to the rod) and increases approximately 
3.2 times to 540 MPa, which exceeds the tensile strength 
of copper. This value of TMS explains the probable separa-
tion of the central rod from the short-circuiting segment. 
Therefore, the initiation of DW fracture is determined by 
the local maxima of TMSs in the joints of the central and 
extreme rods.

3. For a crack in the middle of the outer surface of 
the short-circuiting segment, it was found that at a depth 
of ~ 0.05 mm below the surface, the TMS value is reduced. 

However, at a depth of ~ 2 mm, TMS increases sharply to 
a level exceeding the yield strength of copper. This leads to 
residual deformations and brings the segment closer to loss 
of integrity.

4. It is shown that static eccentricity can initiate a cascade 
failure scenario. The moment of separation of the central rod 
is accompanied by an instantaneous drop in TMSs in the 
middle of the segment (~326 MPa) and a change in the sign 
of stresses (from compression to tension), which contributes 
to the initiation/growth of a crack or rapid fracture of the 
segment in this zone. The redistribution of forces increases 
the risk of separation of the extreme rod (~263 MPa) due to 
the leverage effect at the exit from the groove.

5. It has been determined that the emergence and local-
ization of cracks in the welds significantly change the bend-
ing (deformation) response of pole DW segment. Without 
defects, the bending is almost symmetrical, in the presence 
of cracks – asymmetric with a concentration of deformations 
on the defective side, which confirms the dominant influence 
of defects on the bending shape.
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