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ABSTRACT 

Water is one of the most significant destructive contaminations to 

lubricants which in turn lead to more power consumption and 

early damage to rotating machines. This study explores the effect 

of water contents in gearbox lube oil on the responses of electrical 

supply parameters. A two stage gearbox based mechanical 

transmission system driven by a sensorless variable speed drive 

(VSD) is utilised to investigate experimentally any measurable 

changes in these signals that can be correlated with water 

contamination levels. Results show that the supply parameters 

obtained from both external measurements and the VSD control 

data can be correlated to the contamination levels of oil with 

water and hence can be based on for an instant diagnosis of water 

contamination. Particularly, the voltage and hence the power 

responses are more sensitive to the water contents than that of 

current because the VSD regulates more the voltage to adapt the 

small load changes due to the water induced lubrication 

degradation. Simultaneously, vibration also shows changes which 

agree with that of power supply parameters. 
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1. INTRODUCTION 
The main function of any lubricating oil are minimizing the 

friction between rotary and fixed machine parts, consequently 

reducing wear and temperature which lead to high machine 

efficiency [14]. Deterioration of lube oil is often one of the main 

causes of machine breakdowns. A study conducted by Rabinowicz 

[11] shows that corrosion due to water in oil causes about 20% of 

all damages to mechanical equipment. Hence, water 

contamination detection has attracted high attention as to avoid 

catastrophic failures and increase the life of equipment. Main 

lubricant problems are from the contamination with water and 

dust. Corrosion due to water in oil, existence of incorrect 

additional fluids and failure of the oil itself due to temperature 

and heavy operational conditions are the most common issues 

from lubricant degradation [15].  

The efficiency, life time and reliability of gearboxes and rotary 

systems are subjected to the quality of lubricating oil used. 

Therefore, it is important to monitor the condition of lubrication 

oil to ascertain any degradation is progressing within the oil. The 

common technique used in industry for monitoring the oil quality 

is offline chemical and physical analysis. Samples of lube is 

normally taken every certain period and sent to chemical and 

physical laboratories for analysis and reporting the oil condition. 

Obviously, this approach usually is at high cost and cannot 

provide results timely  

The survey in [9] has presented a review of lubricating oils 

condition monitoring techniques. They found that viscosity based 

equipment have better lubrication degradation feature coverage 

and lower cost. They also stated that oil viscosity is the most 

useful performance parameter that can reflect oil health and has 

been used as a standard feature to monitor the lubrication oil 

status.  

Different new techniques have been developed to monitor the 

quality of oil online. For instance, work in [8] developed an 

online lubrication oil health monitoring and prognosis technique. 

Kinematic viscosity and dielectric constant physical simulation of 

the lubrication oil degradation due to water and the particle 

filtering algorithm is utilised. However, viscosity and dielectric 

sensors are required to implement the suggested technique.  

In reference [1] an infrared (IR) sensing technique was suggested 

for online oil quality condition monitoring. The sensor is based on 

the evaluation of the oxidation number from the absorbed IR 

within a selected fixed narrowband IR filters. Additionally, the 

viscosity index (VI) and the base number (BN) of lube oils have 

been used to evaluating the oil quality in [10]. A multivariate 

calibration scheme has been used to determine the VI and the BN 

for the motor oils by applying the partial least squares (PLS-1) to 

the FTIR data. 

Vibration signals together with advanced lubrication oil 

modelling schemes have been employed in [4] to provide 

corrosion related faults due to lubrication quality in aerospace 

gearboxes. However the performance of developed technique was 

not yet fully tested in terms of validating the reliability and 

accuracy.  

The relationship between oil condition, i.e. lubricant viscosity and 

vibration signature was studied in [15], in which it is stated that 

some vibration features can be correlated with the oil viscosity. 

However the specified features have been failed in many 

experimental conditions.  
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Review the literature shows that the detection of gearboxes oil 

quality degradation, i.e. water contamination, is not well explored. 

Most techniques employed in industry are by offline monitoring, 

where the actual state of the lube cannot be determined 

instantaneously. Additionally, the available online techniques are 

not always applicable and expensive to apply. According to the 

research by [2], wind turbine and all other gearboxes application 

industries spend a considerable amount of money to solve 

problems and damages due to lubricating oil contamination. 

 In addition, the effects of water contamination levels has not been 

studied on both power supply parameters such as terminal current 

and voltage which have been shown to be effective measurements 

for monitoring mechanical faults[18][19]. Moreover, there is no 

known work so far studies the potential of using signatures from 

current, control data for diagnosing lubrication problems..  

Therefore, this study focuses on the development of water 

contamination monitoring methods based on electrical supply 

parameters. The possible effects of water contamination are 

reviewed firstly. Then a symmetric experimental investigation was 

carried out based on an industrial gearbox system running with 

different water contents. Through direct comparisons of different 

supply parameters between different water contents the diagnostic 

capability of these supply parameters is examined in line with 

corresponding vibration responses.   

2. EFFECT OF WATER-IN-OIL ON 

GEARBOX TRANSMISSION SYSTEMS 
Water in oil is the most destructive contaminant when mixed with 

lubricating oils. It causes significant chemical and physical 

changes [2]. Details on the negative consequences of water 

contamination in gearboxes oil can be found in [6] and [15]. The 

studies [3] and [20] shows that the most significant and 

immediate consequence is the clear changes in lubricant viscosity. 

It means that the dynamic and static behaviour of gearbox 

transmission systems will also change correspondingly.  

2.1 Dynamic Effect 
Based on gear lubrication mechanisms, the increase of viscosity 

will maintain more oil on the surfaces of meshing teeth and hence 

likely to form thicker hydrodynamic films, leading to a reduction 

of frictional force. On the other hand, the decrease of viscosity 

will lead higher friction. Furthermore, as the occurrence of tooth 

meshing is a time-varying process according to mainly the 

meshing period, it is expected that the change of frictional forces 

will alter the vibration responses of gearbox at meshing 

frequencies ant their high order harmonics. As shown in [15], 

vibration spectrum is strongly related to the lubricant viscosity in 

a high frequency range from 2300 Hz to 7000Hz based on a 

0.34kW gearbox.  

In addition, it is also likely that this change of tribological 

behaviour will affect the dynamic responses of components 

associated with gear shaft rotation frequencies. These components 

exist because of evitable gear manufacturing errors such as 

misalignments and accumulative pitch deviations which cause 

non-uniform meshing process and eventually lead to the change of 

the dynamic responses at shaft frequencies.  

2.2 Static Effect 
Obviously, the change of tribological behaviour will also lead to 

changes of average friction losses. It means that the overall load 

of the system will be different for different water contents.  

Besides, according to the study in [17], the density, viscosity and 

oil squeezing will also show considerable losses of power, which 

will reflect on static measurements such as average supply current, 

voltage and thus the power. 

2.3 Detection based on Sensorless Drive 
The dynamic effect can be reflected by vibration measurements. 

However, the vibration may not so sensitive to the static effect. In 

contrast, previous studies [18] [19] have shown that both dynamic 

effects and static effects occurring on downstream machines can 

be observed in motor current signals. Specifically, the dynamic 

effect can be represented by the sideband components at [16]: 

fx  =fs  ± kfr  k= 1,2,3,...  (1)  
where fx denotes fault frequency, fs is supply frequency and fr is 

rotor frequency, whereas the amplitude change at the supply 

frequency can be based to examine the static effects.  

Nowadays, VSDs are used more and more in industry for 

achieving more efficient production. When VSD is under 

sensorless mode, the motor speed at the setpoint will be 

maintained relatively stable by compensating any changes due to 

load disturbances through more advanced control algorithms, 

which may give more chances to observe these two effects, rather 

than just using the feature shown in formula (1) based on the high 

slippage changes under direct voltage/Hz control methods. 

As shown in Figure 1, when a speed deviation due to disturbances 

from the reference is detected by the driver, the speed comparator 

sends a speed error to the speed control loop which motivates the 

controller of the torque current component iq. The output signal 

from the iq current controller sets the reference torque required for 

compensating the effect of the disturbances. The torque reference 

is then compared with the estimated torque by the torque 

controller which outputs the required torque voltage component 

(vq) to the pulse width modulator (PWM). In the meantime, the 

field current component (id) control loop sets the required flux 

(). The flux normally kept fixed at the nominal motor value 

when spends lower than the rated motor speed. Thought, when the 

induction motor operates at or higher the rated speed a field 

weakening is required to prevent exceeding the voltage limit of 

both the drive and the motor. The field weakening is performed at 

the flux control loop by a fraction of the rotor angular frequency 

(1/ωr). This control process therefore shows that it is possible to 

observe the changes of oil properties through exploring different 

control variables.  

It is worth mentioning that the sensorless VSDs estimates both 

motor speed and flux by measuring terminal supply parameters 

without the need for additional speed measuring device. 

3. TEST FACILITY AND PROCEDURES  
The test facility employed for this study consists of a mechanical 

system and a control system. As shown in Figure 2 the mechanical 

system includes of a 15kW AC induction motor(IM) as the prime 

driver, two back-to-back two stage helical gearboxes for coupling 

the AC motor with a DC load generator using flexible spider 



rubber couplings. The first gearbox operates as a speed reducer 

while the second is a speed increaser so that the system maintains 

sufficient speed for the DC load generator to produce sufficient 

load to the AC motor through the two gearboxes. The control 

system consists of a programmable logic controller (PLC) for 

setting up different speed-load profiles specified by operators, an 

AC VSD that can 

be set either to a sensorless flux vector control mode or V/Hz 

mode for adjusting the speed of the system, a DC variable speed 

drive providing a controlled load to the AC motor by regulating 

the torque of the DC load generator.  

All data sets from both data acquisition systems are stored in a PC 

for post processing and analysis in the Matlab environment. 

 

 

 

 

 

 

 

 

 

Figure 1. General structure of sensorless VSD 

 

The dynamic data is used for both evaluating the performance of 

the conventional analysis methods for detecting water 

contamination problems, and also for benchmarking the 

developed scheme from the static data. 

Experimental studies were carried out by adding different amount 

of tap water to the lube oil in the first gearbox (GB1), which is a 

common industrial gearbox with a speed ratio of 3.6 and a power 

transmission of 10kW at 1450rpm. After a baseline (BL) test 

when the gearbox was filled with new EP320 gear oil, four 

incremental water contents: 4.0kppm, 7.0kppm, 30.0kppm and 

60.0kppm were tested one by one, which correspond to 0.4%, 

0.7%, 3% and 6% water in oil. The first two water contents are 

below the recommended level [7] and the last two are above the 

level, which allows the variation of different measurements 

underlying to be examined in a wide range for defining their 

corresponding detection performances. 

During the test, the rig operated under five increment load 

settings: 0%, 25%, 50%, 75% and 100% of the gearbox when it is 

at its full speed of 1460 rpm, attempting to examine the detection 

performance under variable load operations which is common 

scenarios of real applications . Each load setting was for a period 

of two minutes and changed to next one automatically by the PLC 

controller. In total, this load cycle lasts 10 minutes. In addition, 

the VSD was set under sensorless control mode for evaluating the 

detection capability under this particular mode.  

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 2. Schematic of test system 
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To ensure the data quality for reliable comparison the load cycle 

ran consecutively seven times for each of the water contents. 

During these repeating operations, the lube temperature in GB1 

was observed on-line and reached to 51°C-52°C from the room 

temperature when the system operating parameters also became 

stabilised. 

By using an automated acquisition procedure based on time 

advancement, 30 seconds of dynamic data were collected for 

every load setting. In the meantime, the static data from the VSD 

were also logged for the entire load cycle. Moreover, oil samples 

were taken after each incremental water test for measuring the 

viscosity of the water contained oil. 

4.  RESULTS and DISCUSSION 
The data sets collected were processed by necessary schemes 

including spectrum analysis, ensample average and time 

synchronous average (TSA) to obtain reliable feature parameters 

for implementing an effective detection of the water contents 

added to the lube oil in GB1. 

4.1 Measurement Validation 
To examine the data quality and test reliability, signals including 

data from the lubricant temperature, speed, current and voltage are 

processed to obtain their static feature values. Figure 3 shows 

these key measurements against testing run numbers for 100% 

load. It can be seen in Figure 3 (a) that the temperature of 

lubricant in GB1 increases gradually and reaches stable status at 

6th test when the test system becomes stabilised. Moreover, 

temperature values between different water contents show little 

difference, showing that these tests were carried out with good 

repeatability. This repeatability can be also seen from the phase 

current and the motor speed measurements, which are presented in 

Figure (3) (d) and (e) respectively. In addition, both of these two 

parameters show gradual decrease behaviours with the test 

number because the transient effects including both the higher 

frictional influences of the test rig and larger resistance values of 

the electric and electronic components employed in the motors 

and the VSD control system when they are under lower 

temperature operation. This transient effect can be seen to be 

much stronger when the load and speed characteristics in Figure 3 

(f) are explored. When the system operates under low 

temperatures during the 1st test run, the VSD has poorer 

performance in maintaining the speed of the system to be the 

setting points, which leads to higher speed under the higher load. 

On the other hand, when the system reaches its stable value the 

VSD is able to control the speed to be higher accuracy under 

different load settings, as shown by the speed results for the 7th 

run.  

 

 

 

Figure 2. Key measurements variation with test run numbers and water contents  

 



However, the terminal voltage in Figure 3 (c) shows relatively 

stable over different testing run numbers. Moreover, it shows 

clear difference between different water contents, showing that it 

may sensitive to the changes due to lubricant properties. The 

similar changes between different water contents can also be 

observed in the electrical power shown in Figure 3 (b) as the 

power is calculated by multiplying the voltage with the current 

directly to show the overall power consumption of the system.  

Based on these test observations, it can be concluded that the 

measurements from last test run numbers have less transient effect 

and be more stable for examining the effect of water contents 

more accurately. Moreover, it has exposed that the VSD seems to 

adjust supply voltages more to adapt the changes due to 

lubrication conditions.  

4.2 Effect on Viscosity 
As the most important performance parameter of lubricating oils, 

the viscosity was measured using a Kinexus pro+ rheometer for 

each water content test and taken as references for representing 

lubrication deterioration and for comparing the detection 

performance using supply parameters. Figure 4 shows the 

representative viscosity values at 50°C and 55°C, which are close 

to the temperature range where the gearbox is under stable 

operating. The viscosity shows a slight decrease from that of the 

base oil for small portion of water content. Then it shows a 

monotonic increase with water contents, which is slightly different 

to the result published in [3] and [20]. The effect of very small 

amount of water decreases the viscosity, up to a certain level i.e. 

at around 4kppm where it starts to increase due to the interaction 

of the water droplets. The viscosity starts to be around the amount 

of that of the base oil when water content is about 60kppm. 

Nevertheless, this measurement confirms that the water content 

was added effectively according to the test design. In addition,  

 

Figure 4. Variation of viscosity with different water contents  

In addition, Figure 4 also shows that temperature has more 

significant influence on the viscosity i.e. the higher temperature 

corresponding to lower viscosity. This also explains that the 

electrical power decreases gradually with test run numbers 

presented in Figure 3.  

4.3 Effect on Power Supply Parameters 
Further analysis of the dynamic current and voltage signals has 

found that the dynamic responses such as sidebands of the supply 

frequency has shown little contestant changes to the water 

continents because of high moment of inertia of the test system. 

Therefore, only the static parameters are discussed further.  

Figure 5 presents a comparison of power supply parameters 

between the lubricants with different water contents. These results 

were obtained by averaging the results from the 6th and 7th testing 

runs under 100% in order to give a more reliable result. The 

terminal voltages in Figure 5(a) and their corresponding power 

values have shown good correlation with the changes in viscosity. 

For the base value, the voltage and hence power shows the lowest 

value, reflecting the good performance of the base oil in reducing 

the friction because of its relatively high viscosity. For the cases 

of small water added to the oil such as 4kppm, 7kppm and 30ppm, 

the viscosity values reduce and lead to poorer lubrication. It 

means that they need more power to overcome the friction loss to 

maintain the constant speed operation. Therefore, the electrical 

power shows higher values for these cases. However, the 30kppm 

case shows the highest power consumption due to other effects 

such as more oil squeezing. For the 60kppm case, the viscosity is 

higher than the base oil and the effect of viscosity may high than 

that of oil squeezing, which lead to that the power consumption 

goes lower. 

 

Figure 5. Temperature comparison during 7th test 

However, because of the regulation of VSD, the power 

consumption characteristics are not reflected by the current 

measurements. Instead, the current measurement shows similar 

value for different water contents as shown in Figure 5 (b). 

Therefore, it may not be suitable for detecting the water 

contamination. 

In addition, the control data obtained directly from the VSD also 

exhibits the same characteristics shown in Figure 5.  



These results show that the electrical measurements from a VSD 

can be used to separate different levels of water contamination. 

However, both the voltage and current need to be measured in 

order to obtain the power for a reliable separation even though the 

voltage measurement shows better performance of detection. 

 

Figure 6. Vibration spectra under different loads and cases 

 

4.4 Effect on Vibration Responses 
To show the dynamic effect of the water content, the vibration 

signals are processed to obtain root mean squared values (RMS) 

to represent overall level of vibration responses for different water 

contents. Figure 6 shows the averaged results of the last two test 

runs. It can be seen that the vibration levels for different water 

content are higher than that of the base line, which is consistent 

with the results from the static electrical parameters in that the 

water degrade the lubrication performances and cause more 

friction between the surfaces of meshing teeth. Especially, 

compared with the vibration from GB2 which shows relatively 

unchanged between different tested cases, the vibration changes 

of GB1 are clearly significant and can be used to indicate the 

water contamination. 

To understand the vibration change further, the vibration signals 

are applied with a time synchronous average (TSA) procedure and 

subsequent order spectrum analyse to suppress noise influences 

which are not time aligned to the second shaft and hence to obtain 

vibration which are more associated with gear meshing dynamics. 

Figure 7 (a) and (b) shows the amplitudes of vibration 

components at the two mesh frequencies of the two stage gearbox, 

which is the average amplitude up to the 10th high order 

harmonics. The vibration at the first mesh frequency which is the 

high speed stage with low load shows higher amplitudes 

compared with the baseline and exhibit similar behaviour with 

that of the static power parameters. The vibration at the second 

mesh frequency which is the low speed stage with high load also 

shows higher amplitudes compared with the baseline and that of 

the higher speed stage and exhibit more similar behaviour with 

that of the static power parameters. This shows that the high load 

stage is more influenced by the change in lubrication which is 

consistent that the hydrodynamic oil film is less helped because 

the relative velocity between meshing tooth surfaces changes its 

direction at the pitch line. In addition, these vibration changes are 

consistent with that in [15]. Furthermore, the change of vibration 

responses provide further support that the power supply 

parameters can reflect the changes in gear lubrication due to water 

contamination. 

 

Figure 7. Vibration at mesh frequencies 

 

5. CONCLUSION 
In this paper a new cost effective technique is presented to detect 

gearbox lubricant contamination with water based on power 

supply parameters. Experimental results shows the viscosity 

reduces when small portions of water (<30kppm) added to the 

gear oil while the large portion of water increases the varicosity. 

Based on a 10kW gearbox rig, this contamination can be 

measurable using the static power supply parameters including the 

voltage and power. However, the current values show little 

change because the VSD adjusts the electrical power supply to 

adapt to the changes due to the frictional load through regulating 

more the voltage than the current. 

In addition, the results have been supported by vibration response 

analysis in that the vibration responses at high load stage show 

much similar change to that of power supply parameters due to 

the water contents.  

Moreover, this study shows that both power supply parameters 

and vibration responses can be effective measurements to be 



based on for performing the instant diagnosis of water 

contamination so as to prevent further damages to gearboxes 

running with water contents.  
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