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Abstract. The objective of the study is to discuss the specific requirement of the hydropower generator health 
condition monitoring standard, which suggests taking into account displacement of the hydropower generator 
shaft when measuring the air gap. This paper quotes some research, where EMF current is used to evaluate the 
air gap variation considering the shaft displacement. To verify the proposed methodology, three steps were 
completed in this paper. Firstly, the correlation between EMF and the air gap was studied in different modes and 
the percentage of the change of the EMF determined by the change in the air gap was calculated. Secondly, the 
force vector resulting from uneven air gap is obtained using imaginary vector summation. Finally, the real values 
of the shaft displacement are presented and discussed. The results show that correlation between EMF and the air 
gap is strong, but there are also other factors that affect the EMF current, not only the air gap size. The force 
vector could change depending on the generation mode, but not for all units. Finally, the research shows that for 
the generator in healthy condition (using ISO standards as a reference for acceptable shaft displacement) the 
shaft displacement is only a small part of the air gap variation, approximately 2 %. However, the discussion part 
shows that it matters a lot, which evaluation standard is used, since 2 % of variation is a great value, when only 
3 % is acceptable. To address this problem an alternative standard for dynamic air gap measurement and 
evaluation is quoted. 
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1. Introduction 

In the last decade air gap measurements proved to be an effective health condition monitoring tool 
of hydropower generators, however, methods used to accomplish the measurement differ. The industry 
standard [1] suggests taking into account displacement of the hydropower generator shaft when 
measuring the air gap, but the exact method how to do it is not yet published. The example of using 
shaft displacement results was discussed in the paper of G.V. Glazirgin and G.E.Toropov [2]. The 
authors admit that the generally available method to assess the magnetic symmetry of the 
hydrogenerator air gap is to measure the electromotive force (EMF) generated by every pole of the 
generator rotor. In the paper [2] EMF sensors were used for air gap measurements and the air gap was 
measured mechanically between one rotor pole and the stator, and the rest of the poles calculated, 
based on this value. Thanks to availability of the capacitive air-gap sensors this research aims to 
extend the proposed methodology of [2]. Therefore, the first objective of this paper is to compare the 
EMF measurement results and capacitive sensor results obtained on the same generator to tell if the 
obvious correlation exists between magnetic symmetry and mechanical symmetry of the rotor. 

As described in the papers of Ukrainian researchers [3][4], the capacitive method is the most 
widely used today for the air gap monitoring and is described with the following logic: 

 ( )dfC = , (1) 

where C – capacitance of the sensor, F; 
 d – distance between the bypass pole rotor and stator core surface, mm. 

According to the Ukrainian researchers, technological errors in air gap measurements could occur 
because of inclination of the sensor electrodes plane relatively to the pole surface of the rotor and 
curvature of the surface of the stator core[3]-[4]. These technical errors are considered, when the 
sensors are used to measure the air gap on bulb hydrogenerators. Since the stator slots are wider for 
large vertical hydrogenerators, the practical measurements on the latter provided different sources of 
concern. 

2. Materials and methods 

Tests were performed on salient-poles synchronous hydropower generators using Meggitt LS120 
capacitive air-gap sensors. Three capacitive sensors were placed on the top of the stator, as previously 
described in paper [5]. 
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The EMF current sensor, called also a “loop”, is located at the top of the rotor, and is small. It 
registers the EMF current produced by the piece of the pole passing by. Registered voltage is normally 
not greater than 6 V. Therefore, the absolute value of the EMF current in different modes is not 
analysed, and the data are used for comparison with the air gap data instead. 

Mechanical gauges and micrometre were used to obtain the sensor scale. 

2.1. Resulting vector calculation 

Considering that every pole generates the mechanical force, which vector starts at the centre of 
the rotor, the asymmetry could be visualised using vector summation rules [6], Chapter 14, as shown 
in equation (2).  

Resulting vector size is calculated according to equation (2): 

 22
YXR += , (2) 

where R – resulting vector; 
 X, Y – sum of vector projections calculated according to equation (3): 
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where Xi, Yi – vector projections to  and  axis obtained from equation (4): 

 
( )

( )yFFY

xFFX

nii

nii

,cos

,cos

=

=
.  (4)  

The resulting vector is shown in Fig. 2 in the Results section. 

The air gap variation is calculated according to [7]. 

2.2. Calibration 

During this study individual calibration was required for every air-gap sensor to set correctly its 
scale. What the user learns first about the capacitive sensor is that the output of it is usually given in 
Volts. To re-calculate the distance in millimetres, one should use the manufacturer sensor scale. 
During the measurements on site it was noted that the scale could differ from the sample provided by 
the manufacturer. The main reason for discrepancies was earthing quality. Unfortunately, adjustment 
of earthing was not possible. Therefore, calibration was needed to make corrections to the 
manufacturing scale. 

During the calibration mechanical gauges and micrometre were used to obtain the scale. The 
physical distance between each sensor glued to the rotor pole and stator surface was “locked up”, 
using the mechanical gauge (the stator surface is not even, it consists of stator laminations, and to get a 
correct reference value we had to be very careful), and then measured, using the micrometre. At least 
two measurement positions with different distances were required. 

Since the rotor pole surface is not perfectly parallel to the stator surface, measuring mechanically 
one point to get the reference value in millimetres was not enough. Furthermore, a single measurement 
point would not provide enough data to create a linear scale. To make a scale, the difference of the 
distance should be quite significant. To get two different reference points from two different rotor 
poles with the same stator slot the rotor was moved clockwise with the hand jack. 

3. Results and discussion 

3.1. EMF current and capacitive sensor results 

To tell, if the obvious correlation exists between magnetic symmetry and mechanical symmetry of 
the rotor, the EMF current and capacitive sensor results are compared for the same modes, using the 
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Pearson coefficient [8]. Fig.1 illustrates the EMF measurement results in different mode, represented 
in Volts on the scale from 2 V to 5 V with dotted lines.  

The capacitive sensor results in 90 MW 0 MVAr mode are presented on the secondary scale from 
10 mm to 35 mm with the solid line. Respective results of the air gap size are given for one generation 
mode to make better visual comparison.  
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Fig. 1.EMF current in different modes 

Visual assessment of the experimental data tells shat the EMF current is more even, whereas 
capacitive sensor results show some asymmetrical behaviour, but the expected correlation is strong. 
Table 1 shows that in the synchronous condenser mode the correlation is weaker than in generation 
modes with nominal active power, but it is still strong for two of three sensors. 

Table 1 
Correlation of EMF current and capacitive sensor results for Unit 1 

Generation mode 
Results in 90 MW 0 

MVAr mode 

Results in 

Synchronous 

condenser mode  

with 0 MVAr 

Results in 

Synchronous 

condenser  

with -70 MVAr mode 

Correlation of air 
gap asymmetry 
from capacitive 
sensor and EMF 
current for: 

1st 
sensor 

2nd 
sensor 

3rd 
sensor 

1st 
sensor 

2nd 
sensor 

3rd 
sensor 

1st 
sensor 

2nd 
sensor 

3rd 
sensor 

Pearson coefficient -0.9 -0.9 -0.9 -0.8 -0.8 -0.8 -0.9 -0.9 -0.9 
Is there a 
correlation? 

yes yes yes yes yes yes yes yes yes 

Determination 82 % 80 % 82 % 71 % 65 % 71 % 77 % 77 % 75 % 
Correlation strength strong strong strong strong week strong strong strong strong 

The Person coefficient is negative since for the poles with the smaller air gap (in millimetres) the 
EMF current is greater (in Volts), that is also why in Figure 1 one axis has reversed order. 
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Determination of 65-82 % means that 65-82 % of the change in the EMF current could be 
explained by the change of the air gap size, while the rest, 35-18 % could not. Thus, even when 
correlation is strong, there are other factors that affect the EMF current, not only the air gap size. 
Other influencing factors could be, for example, winding mechanical quality, EMF sensors quality, 
earthing quality on site. 

Table 2 
Correlation of EMF current and capacitive sensor results for Unit 2 

Generation mode 
Results in 90 MW 0 

MVAr mode 

Results in 

Synchronous 

condenser mode with 

0 MVAr 

Results in 

Synchronous 

condenser with -50 

MVAr mode 

Correlation of air 
gap asymmetry 
from capacitive 
sensor and EMF 
current for: 

1st 
sensor 

2nd 
sensor 

3rd 
sensor 

1st 
sensor 

2nd 
sensor 

3rd 
sensor 

1st 
sensor 

2nd 
sensor 

3rd 
sensor 

Pearson coefficient -0.5 -0.5 -0.5 -0.8 -0.8 -0.8 -0.9 -0.9 -0.9 
Is there a 
correlation? 

yes yes yes yes yes yes yes yes yes 

Determination 27 % 26 % 27 % 72 % 72 % 71 % 76 % 74 % 75 % 
Correlation strength week week week strong strong strong strong strong strong 

Table 2 shows that for Unit 2 the correlation is not so strong in all generation modes as for Unit 1. 
It is rather week in the generation mode with rated active power 90 MW. Determination of 26-27 % 
means that 73-74 % of the change in the EMF current could not be explained by the change of the air 
gap size. Consequently, EMF current measurements could not always be used as proposed in paper [2] 
as a substitution of air gap measurements with capacitive sensors. 

3.2. Vector force results 

Shaft displacement in different modes is analysed, when the balancing of the hydropower 
generator is performed. Therefore, the vector force was created for the air gap measurement data as 
well as to test, if this analysis could be useful for the balancing. 

Fig. 2 tells that for Unit 1 the vector force changes slightly depending on the generation mode. For 
Unit 2 the vector force did not change. In general, these data are less useful than the shaft 
displacement data for balancing. 

3.3. Shaft displacement results 

According to ISO 7919-5 [9] standard the acceptable shaft displacement limit for the upper thrust 
bearing (in the range 0.5-30Hz, measured as Peak-to-Peak value from RMS) is under 265 µm. Table 3 
summarises the results for Unit one and Unit 2 in micrometres (µm) and converted into millimetres 
(mm), because micrometres are used for vibration and shaft displacement measurement and 
evaluation, while millimetres are used for air gap measurements. The nominal air gap of Unit 1 was 
17 mm, for Unit 2 – 18 mm. 

Table 3 
Generator shaft displacement results for unit under study 

Measurement position 
Overall 

value, µm 

Overall value, 

mm 

Percentage of the 

nominal air gap, % 

Unit 1. Generator bearing X direction 310  0.310 1.82 
Unit 1. Generator bearing Y direction 298 0.298 1.75 
Unit 2. Generator bearing X direction 63 0.063 0.35 
Unit 2. Generator bearing Y direction 68 0.068 0.38 
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Fig. 2.Vector force of asymmetry assessed from experimental results – Unit 1:  

a – SNL mode; b – 90 MW -55 MVAr mode 

From Table 3 it could be concluded that shaft displacement for Unit 1 exceeds the suggested 
standard value, while for the Unit 2 shaft displacement has the value characteristic to the units in good 
condition. The greatest generator shaft displacement registered was 0.3mm. Considering that the 
nominal air gap is 17 mm large, this is less than 2 %. For Unit 2 the low shaft displacement was only 
0.4 % of the nominal air gap considering that the nominal generator air gap was 18 mm. 

At this stage it matters a lot, which evaluation standard is used. The authors of paper [2] truly 
noted that 2 % variation is great, when only 3 % is acceptable. At the same time, 2 % of the variation 
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is a result of unacceptably high shaft displacement, so the generator should be expected more closely. 
Following the alternative industry standard [10] created for dynamic air gap, the user would learn that 
10 % of dynamic air gap variation is satisfactory for the unit, which is in operation for more than 
5 years. Therefore 2 % is not a critical portion of the variation. The other sources of variation were 
discussed in the previous publication [5], but the unit studied was of a slightly different design. It was 
shown that the force of inertia and temperature effects have a critical role for the air gap variation. For 
Unit 1 in this study the inertia force accounted for only 0.2 mm of the variation, which is less than 
0.7 mm quoted in the previous research [5]. Temperature effects accounted for 1.5 mm, which 
supports the previous conclusions that the thermal expansion effects could cause up to 90 % of the air 
gap variation. Neither change of the active or reactive power affected the air gap variation in both 
studies. 

Conclusions 

Summing up the shaft displacement effect on the air gap variation, the results on the particular 
units are as follows: 

1. For the healthy generator the shaft displacement is relatively small comparing to the air gap. For 
instance, the nominal air gap of the hydropower generator could be 20 mm, and the displacement 
of the shaft according to ISO 7919-5 for vertical machine sets should be 0.265 mm only. It is less 
than 2 % of the nominal air gap. 

2. Shaft displacement should be considered for the air gap measurements, and it should be noted that 
it is the only variation source, which affects the measurement in all generation modes. 

3. However, the variation due to shaft displacement should never be simply extracted from the 
overall air gap variation before the evaluation, because, when the standard for the dynamic air gap 
is used, the acceptable variation is 10 %, not 3 % as for the static air gap measurement, therefore 
the displacement of the shaft is an inherent part of 10 % variation. 

The results also showed that EMF current results could not be used instead of capacitive sensors 
for the air gap measurements, because the correlation was not always strong. 
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