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Abstract – A field-circuit coupling model of a typical faulty generator is established to correct 
through-bolt end-region overheating and breakdown failure in a tubular hydro-generator. Using the 
model, eddy current loss and electromagnetic forces on through bolts under normal and failure 
conditions are analyzed and compared and the natural frequency of a through bolt is determined. Based 
on the analysis results, the causative mechanism of failure is revealed and targeted improvement 
design measures are proposed. The numerical results are found to be consistent with the actual fault 
characteristics, validating the design measure improvements. The results are useful in improving the 
design and manufacturing standards and enhancing the operational reliability of large tubular hydro-
generators. 
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1. Introduction 
 
As a good type of generator for the development of 

lower head and large flow of water resources, tubular hydro-
generators are widely used and continue to be constructed 
throughout China. However, in recent years, there have been 
occurrences of stator through-bolt end-region overheating 
and breakdown faults in several large tubular hydro-
generators; these events have even posed danger to the 
operational security of the generator in some cases. 

On-site investigations have revealed several common 
characteristics for such failures. First, all damaged through 
bolts were located beneath core bars, and in all cases, the 
damage was located in the end-region of the bolt. Second, 
the bolts end-regions had a considerable buildup of greasy 
dirt. Third, some of the core bars demonstrated overheating 
traces. Fourth, some of the damaged bolts demonstrated, 
in addition to signs of overheating and melting, transverse 
fatigue fracture characteristics. Fifth, the insulation resistance 
of damaged through bolts to the ground was found to be 
zero. Some of the failure characteristics listed above are 
shown in Fig. 1. 

Unfortunately, as of now, there are few public literature 
literature reports on the analysis and resolution of such 

new failures. However, simultaneously and fortunately, 
physical field analysis methods have been widely applied 
in generator performance analysis in recent years. 
Therefore, it is possible to provide some useful reference 
for us to analyze this kind of failure [1-18]. For example, 
[1] and [2] used a permeance model with the Fourier 
expansion approach to predict the damper bar currents. 
An analytical algorithm based on equivalent network was 
adopted in [3] to analyze the damper bar currents and 
losses when the generator is operated at the rated and the 
no-load conditions. Furthermore, [4] proposed a combined 
numerical and analytical method for the computation of 
unbalanced magnetic pulls, damper bar currents, and 
losses of laminated low speed hydro-generators in 
eccentricity conditions under no-load. Studies [5, 6], and 
[7] considered the effect of rotor rotation when analyzing 
generator performance. To consider the influence of end 
windings and load conditions more fully, [8-14], and [15] 
used the field-circuit coupling model in the electric 
machinery performance analysis. Among these, [11-13], 
and [14] analyzed the performance of the slot skewed 
electric machinery, whereas [13, 14], and [15] analyzed 
and solved the eddy current and loss of damper bars of 
the hydro generator. In addition, [16, 17], and [18] analyzed 
and solved the heating problem of the hydro generator by 
establishing a model of the fluid field and temperature 
field. 

In this study, the occurrence mechanisms of through-bolt 
end-region failure were determined through field-circuit 
coupling and modal analysis. The results were then used to 
provide the proposed design measure improvements to 
successfully eliminate the failure. 
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(a) All damaged bolts are below core bars 

 
(b) Through-bolt end-region overheating, melting, and 

breakdown 

 
(c) Through-bolt end-region overheating and melting along 

with transverse fatigue fracturing 

 
(d) Core bar overheating, with damaged bolt end-region 

showing significant greasy dirt buildup 

Fig. 1. Failure characteristics 
 
 
2. Field-circuit Coupling Calculation Models 
 

2.1 Potential failure mechanism and basic generator 
data 

 
The failure characteristics listed above, in particular, the 

key features of zero insulation resistance of the damaged 
through bolt to the ground and localization of damage to 
the bolt end-region, suggest that the insulation around the 
end-region was damaged, which resulted in a short circuit 
between the bolt and the core bar precisely at the point of 

insulation destruction (as shown in Fig. 2). This resulted 
in a large eddy current loss in the bolt and subjected it to 
a significant alternating electromagnetic force, thereby 
inducing a reciprocating vibration that eventually led to 
bolt overheating, melting, and fatigue fracture. 

To test these assumptions, the eddy current loss, 
electro-magnetic force, and natural frequency of a bolt 
under normal and fault conditions were calculated and 
compared using field-circuit coupling and modal analysis. 
The generator studied here has 132 through bolts on its 
stator; after running for 386 days, 21 bolts were damaged. 
The basic descriptions of the normal and failure conditions 
are listed in Table 1, with generator data listed in Table 2. 

 
2.2 Boundary value problem for moving electro-

magnetic field 
 
A pole region that included the stator housing was 

chosen as the electromagnetic field calculation location. 
Considering the stator skew structure and its alignment 
along the z axis, the generator was divided into five slices, 
as shown in Fig. 3. 

Assuming saturation of the iron core, the governing 

 

Fig. 2. Short circuit occurring between the through bolt 
and core bar, precisely where the bolt end insulation 
is destroyed 

 
Table 1. Basic description of normal and failure conditions 

 Description of the situation 
Normal bolt insulation is normal; no short circuit 

Failure bolt end insulation damage; short circuit occurs between 
the through bolt and core bar 

 
Table 2. Basic generator data 

Parameter Value 
Rated power (MW) 32.8 
Rated voltage (kV) 10.5 
Rated current (A) 1958 

Power factor 0.92 
Number of magnetic poles 44 
Number of through bolts 132 
Stator slot skewed degree 1slot 

External diameter of stator (mm) 6020 
Inner diameter of stator bore (mm) 5620 

Stator core length 1400 
Number of stator slots 264 

Number of parallel branches of stator winding 1 
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equation of a nonlinear, time-varying electromagnetic 
moving field [19] can be used: 

 

 ( ) ( )
t
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S

AA V A J  (1) 

 
where A is the vector magnetic potential, Js is the source 
current density, v is the reluctivity, V is the velocity, and σ 
is the conductivity. 

In the multi-slice moving electromagnetic field model, 
the current density and vector magnetic potential of each 
slice are solely in the axial (z) direction, and the velocity is 
solely in the circumferential (x) direction. Assuming the 
Coulomb norm ▽·A=0 and applying the boundary 
conditions of the problem region, the 2D boundary value 
problem of the nonlinear time-varying moving electro-
magnetic field for the generator is then obtained as 
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where Vx is the x-component of the velocity, Jslz is the axial 
z-component of the source current density, and Aslz is the 
axial z-component of the vector magnetic potential. 

 
2.3 Coupling circuits 

 
To determine the influence of important factors such as 

stator end winding, load condition of the generator, and 
short circuiting between the through bolt and core bar, a 
coupling circuit model was established (Fig. 4 and Fig. 5) 
and the resulting circuit equations was combined with the 
generator electromagnetic equations [8-15]. 

Based on the stator coupling circuit shown in Fig. 4, the 
voltage equation of stator circuit is 

 

Fig. 4. Coupling circuit of the stator 

 

Fig. 5. Coupling circuit of the through bolt and core bar 
 

 1 1
S

s s e s e
di

e u R i L
dt

= + +  (3) 

 
where es, us, and is are the inductive EMF, voltage, and 
current in the stator phase winding, respectively. The R1e 
and L1e are the resistance and leakage inductance of the 
stator end winding, respectively, provided by the generator 
manufacturer. RL and LL are the resistance and inductance 
of the load, respectively. The values of the latter two 
parameters can be changed to set different load operation 
conditions in the generator. 

The circuit connecting the through bolt and core bar is 
shown in Fig. 5 and is represented by the following voltage 
equation: 

 
 TB CB TB ieU U i R- =  (4) 

 
where the indices TB and CB represent the through bolt 
and core bar, respectively, which are both set as solid 
conductors in the circuit. UTB and UCB are the inductive 
voltages of the through bolt and core bar, respectively, iTB 
is the current through the bolt and core bar, and Rie is the 
resistance between the through bolt and core bar. When the 
through-bolt insulation is normal, Rie is very large, but 
under a short circuit between the through bolt and core bar 
Rie approaches zero. 

Combining the above circuit and electromagnetic 
equations, the magnetic vector potential Aslz of the 
generator slices was calculated by using the time-step finite 
element (FE) method to obtain the eddy current loss and 
electromagnetic force of the bolts as follows. 

For the jth layer of the multi-slice model, the eddy 
current density of the kth bolt is 

 
Fig. 3. Electromagnetic field problem region(multi-slice 

model of stator skewed structure, the generator was 
divided into five slices along the z axis) 
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where σb and lb are the conductivity and length of the bolt, 
respectively. 

The current and loss of each mesh of the bolt’s jth layer 
are 
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where lbsl is the length of the jth layer bolt, and Δ e is the 
area of the related mesh of the bolt. 

The eddy current loss of one bolt is 
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where N is the number of meshes of one bolt in each slice, 
and Ncl is the slice number of the model. 

The electromagnetic force of the bolt can be obtained 
according to the following equation: 

 
 

v
dV= ´òF J B  (9) 

 
where J is the current density in the bolt, and B is the 
magnetic density in the area where the bolt is located. 

In addition, the induced voltage of the bolt can also be 
obtained in conjunction with Eq. (4). 

 
 
3. Electromagnetic Computation Results and 

Discussion 
 
The parameters Rie, RL, and LL from Table 3 were used to 

perform simulations of the normal and failure conditions. 
The resulting electromagnetic field distribution in the stator 
core, induced voltage and eddy current losses, and radial 
electromagnetic force on the through bolt under the normal 
and short circuit stabilization states are shown in Figs. 6 
and 7 and listed in Table 4.  

From the above results, the following conclusions can be 
drawn: 

– When the through-bolt insulation is normal, its eddy 
current, loss and electromagnetic force are very small 
(almost negligible). 

 
(a) Stator magnetic flux line 

 
(b) Stator magnetic flux density 

Fig. 6. Electromagnetic field distributions under the fault 
condition 

 
Table 4. The comparison of the calculation results under 

the normal and fault conditions 

Parameters Values 
Insulation condition of bolt Normal Failure 

Induced voltage of bolt /V(effective value) 12.37 2.64 
Eddy current losses of bolt /W(average value) 0.58 2457.61 

Eddy current loss density of bolt / 
W/m3(average value) 1.19 ×103 5.07×106 

Loss Density proportion to winding bar 
(average value) 1 18.55 

Electromagnetic Force of bolt /N 
(peak-peak value) 0.24 2099.10 

 
– When a short circuit occurs between a through bolt 

and core bar, the bolt incurs an average loss of up to 2-3 
kW and a loss density greater than 5 × 106 W / m3, which is 
18 times the loss in the winding bar. We also determined 
that, because the bolt is inserted in the stator core, its 
cooling conditions are poor, particularly in the region near 
the short circuit locations of the bolt end. When the 
insulation of the bolt end-region incurs damage, the 
damaged location is filled with air; as the conductivity of 
air is only one-tenth that of the insulation, the cooling 
condition of this area becomes particularly bad, leaving the 
bolt end-region prone to overheating, melting, and 
breakdown. The thermal conductivities of air and the 
insulation material are listed in Table 5. 

Table 3. Some calculation parameter settings 

Condition Rie (Ω) RL (Ω) LL (H) 
Normal 1 × 109Ω 2.8483 0.0039 
Failure 1 × 10− 9Ω 2.8483 0.0039 
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(a) Induced voltage 
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(b) Eddy current losses 
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(c) Radial electromagnetic force 

Fig. 7. Comparison of induced voltage, eddy current loss, 
and electromagnetic force on through bolt under 
fault and normal conditions 

 
Table 5. Thermal conductivities of Insulation and air 

Material Thermal conductivity(w/m/K) 
Insulation 0.22 

Air 0.027 
 
– Short circuiting between a through bolt and core bar 

also results in an added radial electromagnetic force with a 
frequency of 100 Hz (twice the power frequency) and a 
peak–peak value of more than 2,000 N. If the bolt is not 
sufficiently fixed, its natural frequency can change, with a 
strong resonance accompanied by additional bolt damage 
occurring if the natural frequency approaches 100 Hz. 

 
 

4. Modal Analysis of Through Bolt 
 
To study the influence of bolt fixation on the bolt’s 

natural frequency, modal analysis of a bolt was carried out. 
 

4.1 Influence of bolt assembly tensioning force on the 
natural frequency 

 
According to design requirements, after a bolt is 

assembled its assembly tensioning force should be about 
3.8 tN. However, long-term vibration and the hot–cold 
cycle in the stator core will cause the assembly tensioning 
force in the stator core to decrease gradually.  

The modal analysis results listed in Table 6 show the 
influence of bolt assembly tensioning force on the natural 
frequency of bolt vibration. 

 
Table 6. The influence of assembly tensioning force on the 

natural frequency 

Natural frequency(Hz) Condition 
1st 2nd 3rd 4th 

No tensioning force 34.0 97.2 185.1 306.5 
With tensioning force 55.15 138. 21 224.99 351.32 
 
From the table results, it can be seen that reducing the 

through-bolt assembly tensioning force from the design 
value to zero causes the second-order natural frequency to 
drop from 138 to 97.2 Hz. From the preceding electro-
magnetic force calculation results, 97.2 Hz is very close to 
the electromagnetic force frequency of the bolt under the 
failure condition (100 Hz), suggesting that a short circuit 
between the through bolt and core bar will result in strong 
bolt vibration. 

 
4.2 Influence of bolt fixed point number on the 

natural frequency 
 
To effectively forestall forced bolt vibration, we 

considered how the bolts might be fixed more strongly to 
the stator assembly. To carry out the analysis, the influence 
of the number of bolt fixed points on the bolt natural 
frequency was analyzed at an assembly tensioning force of 
zero. The results for two and seven fixed points are listed 
in Table 7 and shown in Figs. 8 and 9, respectively. The 
former scheme using two fixed points is found in the 
original faulty generator design, in which the fixture points 
are both located in the bolt end-region. 

The results, as shown in the table and figures, indicate 
that increasing the number of fixed points from two to 
seven changes the natural frequency to effectively avoid 
forced vibration.  

 
Table 7. Influence of bolt fixed number on the natural 

frequency 

Natural frequency(Hz) Fixed point number 
1 2 3 4 

2 (both located in bolt end) 34.0 97.2 185.1 306.5 
7 983.5 986.3 993.5 1,001 
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5. Failure Mechanism Summary and Improvement 
Design Measures 

 
5.1 Failure mechanism summary 

 
Based on the calculation results described in this paper, 

the through-bolt failure mechanism can be summarized as 
follows: 

– Over a long duration of generator operation, the bolt 
assembly tensioning force decreases, reducing the natural 
frequency of the bolt vibration to around 100 Hz. At the 
same time, core self-excitation induces continuous vibration 
in the two-point fixed bolt, gradually destroying the 
insulation near the fixed points. 

– If the greasy dirt buildup on the bolt end-region is not 
cleaned, the bolt end-region insulation situation further 
deteriorates. 

– Once the insulation on the bolt end is damaged, a short 
circuit occurs between the through bolt and the core bar. 
This leads to bolt overheating and melting as well as to an 
alternating electromagnetic force with a peak-peak value 
greater than 2,000 N and a frequency of 100 Hz. These 
factors further aggravate vibration, damaging the bolt.  

5.2 Goal for improvement design measures 
 
In view of the failure mechanism described above, the 

following improvement measures were applied to the 
generator: 

– A new insulation structure comprising three layers of 
impregnated glass cloth composite, insulating bushing, 
and silicone rubber self-adhesive tape was applied to the 
bolt assembly. This significantly improved bolt insulation 
performance and provided multi-fulcrum contact between 
the bolt and the stator core, effectively altering the natural 
frequency of the bolt assembly and reducing insulation 
damage from bolt vibration. 

– As a prophylactic against insulation damage and short 
circuiting, a special insulation and anti-oil treatment 
program was applied to the assembly structure at the 
through bolt’s upstream and downstream sides (backing 
ring, bushing, butterfly spring, etc.). 

–The through-bolt material was improved by replacing 
the ordinary 35CrMo round steel with hardened and 
tempered 34CrNiMo round steel. This significantly 
improved the bolt tensile strength, yield point, and shearing 
strength. 

 
(a) First-order mode shape 

 
(b) Second-order mode shape 

Fig. 8. Two fixed-points condition 
 

 
(a) First-order mode shape 

 
(b) Second-order mode shape 

Fig. 9. Seven fixed-points condition 
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6. Conclusion 
 
The above improvement measures were adopted in the 

failed generator in March 2013, after which the generator 
operated for 36 months and a new maintenance regime was 
implemented in March 2016. During the overhaul, no 
failure was found. 

The results of the improvement regime and successful 
overhaul demonstrate that the analysis in this study of the 
failure mechanism was accurate and reasonable and the 
improvement measures were correct and effective. 
Therefore, it can be concluded that the simulation model 
and results of this paper have been satisfactorily verified 
(indirectly). 

The findings reported in this study will help to improve 
the quality of the design and manufacture of similar 
generator units and ensure their safe and stable operation. 

In future work, we will try to convince some of China’s 
generator manufacturers to allow us to reproduce such 
failures by destroying the bolt end insulation in the 
manufacturing company’s workshop. We would then use 
the direct test method to further verify the simulation 
model and results of this paper, and write a new paper to 
conduct the relevant analysis and discussion. 
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