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Introduction 
The paper describes the power oscillations phenomenon of hydrounits with bulb turbine on Dubrava HPP. Since the 
first commissioning of the power plant (1989 year), the system has had inherent power oscillations depending upon 
the load what can be observed on both machines. As generator load increases, the amplitude of oscillations increases 
too and near nominal power reaches its maximum. Frequency of oscillations corresponds to rotor speed regardless of 
the active power. There has been no certain proof of the cause of such disturbances. 
In the paper, few characteristic cases of increased power oscillations appearance will be presented using measured 
data. The basic idea is to explain operating parameters influence on natural frequency, and define operating points in 
which probability for power oscillations due to electromechanical resonance is increased, when natural frequency 
become very similar to rotor speed frequency. For explanation of operating parameters influence, simplified model 
for natural frequency determination is used. 
 
1. Background 
The Dubrava HPP is the farthest downstream hydroelectric power plant in the Croatian Drava hydropower system 
put in operation in 1989. This is a low-pressure run-off-the-river diversion and river/canal type hydroelectric power 
plant with a reservoir for daily flow regulation (Tab. 1). 
 

Tab. 1  Dubrava HPP basic technical data 
 installed capacity 78 MW 
 gross head 16 - 20 m 
 maximal discharge 500 m3/s 
 average annual output 350 GWh 

 
There are two main generating sets with horizontal bulb turbines and synchronous machines (Tab. 2), with nominal 
active power 39.9 MW each. 
 

Tab. 2  Turbine and generator basic data 
TURBINE 

 rated discharge 250 m3/s 
 design head 18.80 m 
 speed 125 min-1 
 runner diameter 5500 mm 
 runner blades number 4 
 guide vanes number 24 

GENERATOR 
 generator apparent power 42 MVA 
 rated voltage 6.3 kV ± 7.5%
 rated current 3850 A 
 power factor 0.95 
 excitation system brushless 



The power oscillations can be observed on both machines during normal operation. As generator load increases, the 
amplitude of oscillations increase too and at power ranges above 30 MW reaches usually between 0.1 MW and 0.2 
MW (peak-to-peak value). But there are many situations where power oscillations are increased up to its maximum 
of 1 MW, and sometimes even more. Frequency of oscillations corresponds to rotor speed (2.083 Hz) regardless of 
operating conditions. 
There were many different investigations carried out, and the last explanation of this phenomenon was that units 
loaded near maximum power enter resonance mode [1]. Results of specialized measurements have confirmed that 
natural frequency of electromechanical oscillations strongly depends on the working conditions and at full active 
power and small or negative reactive power, the natural frequency of electromechanical oscillations becomes smaller 
and is very close to the rotor speed frequency. This means that small disturbance on turbine will be amplified few 
times because of electromechanical resonance. The result is power fluctuation consisting of two components: first 
caused by small permanent periodical disturbance detected on turbine and the second, called local mode oscillations, 
permanently caused by the first component. 
When some disturbance of mechanical torque appears, power oscillations are significantly increased due to 
electromechanical resonance. To temporary decrease power oscillations in such occasions, set-point should be 
changed to lower power, and the only solution to eliminate power oscillations in most cases is stopping the unit. 
Such cases appear quite often and each unit should be stopped because of this for more than 10 times in one year. 
Probability for increased power oscillations appearance is bigger if second unit is not in operation and specially 
during trash rack cleaning, what indicates that mechanical torque disturbance is trigger for such behavior. 
 
2. Characteristic cases of increased power oscillations 
Last few years some additional measurements were introduced to get better insight into the nature of power 
oscillations. SCADA system records could give some basic information about power oscillations, but they are too 
rough for any analysis. Therefore, power oscillations measurement has been introduced in existing machine 
monitoring system (CoDiS – Computerized Diagnostic System). Basic idea was to get continuous measurement 
which will enable more detailed insight into operating conditions when increased oscillations appear. Machine 
monitoring system is very appropriate for this purpose because many other measurements have been introduced into 
the system so that different measurements could be combined in very simple way. 
Another step was implementation of disturbance recorder in excitation system which is started when PSS should be 
switched off because of big power oscillations. In this way, many different power oscillations appearances were 
recorded for last two years. Some of those records are presented and analyzed in the paper. 
 

 
Fig. 1  Unit B 18.07.2012. – sudden increase of power oscillations 



 
Fig. 2  Unit B 18.07.2012. – power oscillations near 3MW 

(upper: active power – red, reactive power – blue, lower: power oscillations) 
 
Fig. 1 and Fig. 2 show typical power oscillation which appear during normal steady state operation near rated power. 
In this case, amplitude of sudden oscillations was very high (1st harmonic peak-to-peak value 3 MW). Because of 
such big oscillations active power had to be decreased immediately and unit had to be stopped to eliminate the cause 
of instability. After starting and loading on same power as before, power oscillations were negligible. 
 

 
Fig. 3  Unit A 19.09.2011. – load changes didn’t eliminate oscillations  

(upper: active power – red, reactive power – blue, lower: power oscillations) 



Another example (Fig. 3) show case with few attempts of reducing power oscillations by changing active and 
reactive power. Inherent power oscillations before disturbance were 0.2 MW, and suddenly had been increased for 
approximately 3 times. As unloading and loading didn’t eliminate oscillations, unit had to be stopped. In some rarely 
cases load changes could help to solve the problem without stopping the unit. 
 
3. Natural frequency and electromechanical resonance 
The natural frequency of electromechanical oscillations can be calculated using simple expression:  
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where ksM is the coefficient of synchronizing torque (Nm), p is the number of pole pairs, ks is the coefficient of 
synchronizing torque (p.u.), J is the rotor moment of inertia (kg·m2), Tm is the mechanical time constant (s), f is the 
grid frequency. The mechanical time constant represents time required for achieving rated speed at base torque. It 
can be calculated using the following expression 
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where ωm is the base angular speed (rad/s) Sn is the base power (MVA). The coefficient of synchronizing torque is 
often expressed in relative units, and for hydro-generator it can be calculated as follows: 
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where E0 is the fictitious induced excitation voltage calculated for stator side (p.u.), U is the generator voltage (p.u.), 
δ is the load angle, xd and xq are the reactance in d and q axes (p.u.). 
According to project values for parameters of the turbine and generator natural frequency should be around 2.8 Hz, 
but exact value of natural frequency strongly depend on accuracy of input data and actual operating conditions. 
First of all, because of big influence of water in bulb turbine, the value of real rotor moment of inertia determined 
from on-site tests is bigger than project value [1], what results in smaller natural frequency. 
Synchronizing torque depends also on accuracy of generator parameters, but even more depends on actual induced 
excitation voltage, actual generator voltage and specially load angle. Except this, expression (3) is corresponding to 
classical simplified generator model, and for the effects of dynamics of the field circuit, excitation system and 
amortisseurs (damper windings) more detailed models for natural frequency and damping ratio calculation should be 
used. The most appropriate way for this is small-signal stability analysis using state-space representation of the 
system with the synchronous machine represented by models varying degrees of details. 
Now, we are using simple model which shows that for various operating conditions natural frequency is in general 
much lower than project value, and often near the frequency which corresponds to rotor speed (2.083 Hz) what leads 
to electromechanical resonance. 
Previous investigations show that machine loaded with full power is near resonance, but present measurements show 
that depending on current operating conditions resonance appear in power range between 30 and 36 MW for both 
units. Explanation for this difference is that during last 2 years turbine runners were replaced because of tailwater 
drawdown due to downstream river erosion [2]. 
In general, with new turbines cavitation problems are decreased, and power oscillations in normal operating 
conditions are smaller but problem of sudden power oscillations increasing remains. 
In normal operating conditions, the biggest power oscillations now appear at somewhat lower active power than 
before. This could be explained with moment of inertia increasing (runner diameter is increased from 5.4 m to 5.5 m) 
what result in natural frequency decreasing. 
Fig. 4 shows power oscillations increase during loading and unloading of the machine (unit A), and Fig. 5 shows 
oscillating power peak-to-peak values versus active power for all operating points during one week (unit B). From 
those examples it is obvious that resonance appear below rated power. 



 
Fig. 4  Unit A 23.03.2012. – increased oscillations due to resonance  

(upper: active power – red, reactive power – blue, lower: power oscillations) 
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Fig. 5  Oscillating power versus active power 

 
 
 
 
 



4. Using Power System Stabilizer 
A several possible solutions to decrease the power fluctuations were considered, and the only feasible solution was 
additional excitation control using power system stabilizer [3]. Using it, the idea was to eliminate local mode 
oscillations caused by permanent periodical disturbance detected in turbine torque because PSS damps out only 
electromechanical component. Excitation system for HPP Dubrava consists of potential-source controlled-rectifier 
with brushless exciter and digital voltage regulator. PSS has been implemented in the digital voltage regulator 
application program as an additional independent module. 
PSS which is now in operation for 5 years, has improved operation during normal operating condition, but PSS can’t 
help when some disturbance of mechanical torque appears. In such occasions, power oscillations are significantly 
increased due to electromechanical resonance.  
Fig. 6 shows one typical case when power oscillations are suddenly increased, and on record from excitation system 
many interesting details could be seen. In active power signal there are inherent oscillations (approximately 0.1MW), 
which are suddenly increased for 3 to 4 times. PSS control loop (so-called watch-dog) after few seconds switch off 
PSS what could be seen on exciter excitation voltage signal. To eliminate power oscillations, operator started 
machine unloading, and few minutes later unit was stopped. 
 

 
Fig. 6  Unit B 04.12.2011. – PSS swiching off due to increased oscillations 

 
5. Conclusion 
Power oscillations phenomenon on Dubrava HPP is described and explained using measured data and simple model 
for natural frequency calculation. When natural frequency becomes very similar to rotor speed frequency, small 
disturbance on turbine will be amplified few times because of electromechanical resonance. The magnification factor 
for the amplitude of oscillations depends on current operating conditions. Very important detail is that upstream of 
Dubrava HPP there is very similar Cakovec HPP with almost identical units which don’t have such power 
oscillations. Explanation of this difference is the mail goal of our future investigation which will be based on natural 
frequency calculation from more detailed generator models. 
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