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Abstract: The paper introduces, describes and analyses the specific power oscillations in hydroelectric power plant Dubrava
that can appear in large bulb turbines operating with low tailwater levels. The procedure for the identification of the cause of
oscillations is described and it is experimentally shown that the cause of power oscillations is a disturbance on a specific runner
blade. The physical background of the cavitation-related phenomena that causes these oscillations is presented. Furthermore, it
is shown that neither the automatic voltage regulator nor the transmission network disturbance is the source of oscillations,
while the power system stabiliser can only partially damp them. Power oscillations reduce the average power output due to the
operation in the unsteady output zone. These oscillations can cause damage to the equipment and reduce its lifespan. The
effectiveness of various measures for treatment of these oscillations is discussed. A simple model for simulation of these
oscillations is shown and verified against measurements.

 Nomenclature
id d-axis generator current
iD d-axis damper winding current
iF field winding current
Iff measured exciter excitation current
iq q-axis generator current
iQ q-axis damper winding current
k mutual inductance coefficient
Ld d-axis stator winding inductance
LD d-axis damper winding inductance
LF field winding inductance
Lq q-axis stator winding inductance
LQ q-axis damper winding inductance
MD d-axis armature and damper winding mutual inductance
MF d-axis armature and field winding mutual inductance
MQ q-axis damper and field winding mutual inductance
MR d-axis armature and damper winding mutual inductance
P active power
pdt draft tube pressure
phase30 phase shift of the first harmonic at 30 MW
phase38 phase shift of the first harmonic at 38 MW
pp1h peak-to-peak value of the first harmonic
Q reactive power
Uff measured exciter excitation voltage
Ug generator terminal voltage
vd d-axis voltage
vf field winding voltage
vq q-axis voltage
Tm mechanical torque
ΔP power decrease during oscillations

1 Introduction
Power swings in hydroelectric power plants (HPPs), and
oscillations and vibrations in general, are common problems in the
operation of electric power generation units. The majority of such
phenomena can be most commonly observed on units with Francis
turbines [1–3] and they are characterised with flow-induced power

swings in the rough/unsteady operation zone. Considerably, fewer
examples can be found for units with Kaplan turbines, while the
units with a horizontal bulb turbine are particularly interesting. Due
to their complex design, such units can have different problems
with oscillations and vibrations.

Power swings in HPPs have been analysed since 1930s [4].
Besides power swings, many different types of vibrations and
oscillations appear in the operation of turbine-generator units with
different causes and consequences [5], e.g. flow-induced pulsations
and vibrations in hydroelectric machinery and their corresponding
oscillations are analysed in [6, 7].

The issues of power oscillations in HPPs can be divided into
three categories:

(i) The first category regards the synchronous machine as the main
driver of dynamic behaviour during oscillations, e.g. [8–11].
However, these papers consider the detailed electrical model of the
synchronous machine and the excitation system, but the hydraulic
and mechanical dynamics are neglected.
(ii) The second category simplifies the electrical system with the
swing equation, while the hydraulic and mechanical subsystems are
described in more detail. These papers are focused on the role of
turbine governors [12–15] and/or hydraulic turbine dynamics on
the oscillations [16–19]. However, the authors in [12–19] are
focused on governing studies or transient behaviour, not on the
mechanical disturbance.
(iii) In the third category, the hydraulic, mechanical and electrical
subsystems are usually modelled in detail [20–27]. However, these
studies are concerned with the dynamic interaction between
different subsystems, low-frequency oscillations in the power grid
or hydraulic transients due to load rejection.

In summary, all the surveyed literature deals with turbine-governor
dynamics, hydraulic transients, low-frequency oscillations in the
grid or generator dynamics. No papers were found that describe
and analyse power oscillations on the runner frequency due to the
cavitation-related phenomena on the blades. Furthermore, the
majority of the papers deal with Francis or Pelton turbines, not
Kaplan (bulb) turbines. The main contributions of this paper are:
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• explanation of the physical background of the cavitation
phenomena, which cause power oscillations in large bulb
turbines with low tailwater level;

• experimental procedure for identification of the specific blade
on which disturbance occurs;

• verified the model for simulation of these oscillations based on
draft tube pressure measurements;

• discussion on the effectiveness of various measures for
elimination of the power oscillations.

With this paper, we hope to bring attention to this very specific
issue which can cause reduced energy generation, damage to the
equipment and issues with power quality. We discuss practical
know-how and experience with the mitigation of these power
oscillations which may be useful for other industry experts working
in hydropower field. We also hope that this paper may serve as an
inspiration and basis for further research on the mitigation and
elimination of these oscillations in the research community.

2 Physical background of the flow-induced
pulsations and vibrations in bulb turbines
In bulb turbines, due to their construction and horizontal
arrangement, there are different causes of pulsations and vibrations.
The entire unit is usually fixed by upper and lower stays and lateral
supports which means that the axial asymmetry of the inner flow
field can occur. The pressure pulsation produced by the blade
undergoes the cyclic process which results in unit vibrations.

Owing to the horizontal position and large runner diameter, the
water gravity has a significant influence on the internal flow of the
turbine. There is a vertical pressure gradient caused by gravity,
which must be considered during the analysis [26].

The pressure above the free surface is a constant atmospheric
pressure that increases with the water depth. Fig. 1 shows this
pressure gradient: blue colour indicates the lower pressure and red
colour indicates the higher pressure. The hydrostatic pressure
difference caused by the gravity of water results in the hydraulic

imbalance of flow. The inhomogeneous pressure distribution
results in pressure variations along the blade during rotation.

Due to hydrostatic pressure, the cavitation on the upper blades
is much more intensive than on the bottom blades, which is
depicted by the orange colour in Fig. 2. During rotation, the
cavitation intensity at each blade increases when the blade rotates
up and decreases when it rotates down [28, 29]. The asymmetric
locality and periodicity of cavitation both lead to hydraulic
imbalance and oscillation. Therefore, the assumption about the
disturbed flow on one runner blade and cavitation-related
phenomena whose intensity is changing with the rotation of the
blade becomes completely realistic. In the rest of the paper, all
aspects of analysed cases correspond to this interpretation of
mechanical torque oscillations.

3 Description of the phenomenon and measures
for mitigation of power oscillations
Power oscillations in HPP Dubrava in Croatia have been present
since the first commissioning in 1989. The plant consists of two
identical hydroelectric units (rated power 39 MW) with bulb
turbines (runner diameter 5.5 m, speed 125 rpm, rated flow 250 
m3/s, head 16–20 m).

Power oscillations in normal undisturbed operation are
negligible in all operating conditions. More impactful disturbances,
which result in bigger oscillations, occasionally appear on both
units [30, 31]. Amplitudes of these oscillations depend on active
power set point and reach their maximum near rated power. The
frequency of these oscillations corresponds to the rotor speed
regardless of the operating conditions. Peak-to-peak values of
power oscillations are usually up to 3% of nominal power, but
cases of up to 10% have been recorded.

To decrease the large power oscillations when they appear, the
power of the unit should be decreased and, in most cases, the only
solution to eliminate them completely is stopping the unit. Such
cases appear occasionally, but cumulatively the units are being
stopped for more than 10 times per year because of this behaviour.

Fig. 1  Vertical pressure distribution in the bulb turbine [22]
 

Fig. 2  Pressure distribution and attached cavitation at a suction side of bulb turbine runner blades [24]
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Several different research studies on the HPP Dubrava power
oscillations were carried out and two main theories have been
proposed and discussed:

(i) The first approach to the explanation of this phenomenon is that
the units loaded near maximum power could enter the resonance
mode [32, 33]. The natural frequency of electromechanical
oscillations depends on the working conditions and can be
relatively close to the rotor speed frequency. In these conditions, a
disturbance of mechanical torque produces power oscillations

which can be significantly amplified due to the electromechanical
resonance.
(ii) The second approach starts from mechanical torque as the main
cause of oscillations because for same operating conditions power
oscillations are negligible until a step disturbance occurs. There are
indications that mechanical torque disturbances are related to the
cavitation in the turbine [34].

It should be emphasised that HPP Dubrava plant operates with
tailwater level lower than it was designed for [35], which
inherently increases the cavitation risk. The probability of the
occurrence of larger power oscillations is higher if the second unit
is not in operation, especially during the trash rack cleaning
process. This indicates that a mechanical torque disturbance could
be the trigger for these oscillations.

Fig. 3 shows a typical example of power oscillations
appearance and the corresponding action in a total duration of 35 
min. The upper plot in Fig. 3 shows the total active power
measurement while the lower plot in Fig. 3 shows the amplitude of
the power oscillations. In this case, the amplitude of sudden
oscillations was 1.7 MW (first harmonic peak-to-peak value).
Hence, the active power had to be immediately decreased and the
unit had to be stopped to eliminate the oscillations: it can be seen in
Fig. 3 that the amplitude of the oscillations is negligible once the
turbine is stopped and started again. Fig. 4 shows the waveform of
power oscillations that appear during the normal steady-state
operation near the rated power level. 

Fig. 5 shows the measurements of various quantities recorded
by the excitation control system. The instance when active power
oscillations suddenly increase is clearly visible. The active power
oscillations correspond to generator terminal current oscillations
and the reactive power oscillations correspond to generator
terminal voltage oscillations.

In most cases, the power oscillations remain present until the
unit is shut down after which they are eliminated. The partial
deloading of the unit (downstream gates are not completely closed)
is also effective in eliminating the oscillations most of the time.
Table 1 describes the various manipulations of the unit and their
effectiveness in eliminating the oscillations. 

4 Power oscillations analysis
4.1 Active power waveforms

In all cases, the frequency of power oscillations is equal to the rotor
speed frequency with dominant first harmonic. Initially, the
oscillations were thought to have a sinusoidal waveform. After a
detailed analysis of multiple waveforms, more attention was paid
to the differences between waveforms at different operating points
and it was concluded that waveforms deviate from the assumed
sinusoidal waveform strongly depending on the operating point.
Although there are many different waveforms, they are mostly
repeating.

Regardless of the waveform, the first harmonic (2.083 Hz)
remains dominant as seen in the spectral analysis in Fig. 6. 
Additionally, for active power levels between 33 and 37 MW, the

Fig. 3  Example of power oscillations appearance and elimination by
stopping the unit: total active power (top) and amplitude of power
oscillations (bottom)

 

Fig. 4  Waveform of the power oscillations
 

Fig. 5  Waveforms of electrical quantities recorded with excitation system
(top to bottom: Ug, Q, Ig, P, Uff, Iff)

 

Table 1 Overview of measures for mitigation of power
oscillations
Manipulation Observed effects
change of operating point in most cases does not remove the

cause of oscillations
switching off the unit,
transition to the no-load
speed

in most cases does not remove the
cause of oscillations

shutting down the unit
without closing the
downstream gate

in most cases removes the cause of
oscillations; completely shutting down
the unit is necessary in only a handful

of cases
completely shutting down
the unit and restarting it from
standstill

in most cases removes the cause of
oscillations; repeating the manipulation
is necessary in only a handful of cases
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second harmonic is also important. Power oscillations for three
different operating points are shown in Fig. 7 (red marker
signifying one revolution of the turbine generator). The first
harmonic amplitude and phase are dependent on the active power
operating point, as shown in Fig. 8, the amplitude increases as the
operating point approaches rated power, while the phase shift is
fairly constant around 90° and starts decreasing near the rated
operating point. 

4.2 Influence on turbine efficiency

The appearance of power oscillations causes a reduction in average
power delivered to the grid (red curve in Fig. 9). This is also visible
in Fig. 10: when the amplitude of power oscillations increases, the
amplitude of average total active power decreases. The difference
between the active power output before and after the appearance of
oscillations depends on the size of the disturbance, and in this
specific case equals 0.35 MW. By analysing many cases, it was
established that the ratio between the first harmonic amplitude and
magnitude of power reduction is between 1.5 and 2.5. It should be
emphasised that turbine opening and flow in analysed cases
remained unchanged, i.e. the reduction of average power is not due
to the reduction of water flow due to the change in the gate
position.

4.3 Comparison with oscillations caused by power system
disturbances

When a generation unit is connected to the power system,
transients due to transmission system disturbances can also appear.
The typical response of the HPP Dubrava to the grid disturbance is
seen in Fig. 11 which shows active power, reactive power,
excitation current and voltages of the automatic voltage regulator
(AVR). In this specific case, one of the two 110 kV transmission
lines connecting the plant to the rest of the transmission system
was switched off. The active power signal is shown in more detail
in Fig. 12 relative to the markers depicting one complete turn of the
rotor. 

The spectral analysis of the active power waveform during a
transmission network disturbance (Fig. 13) shows that the
dominant frequency is 2.84 Hz which corresponds to the natural
frequency of electromechanical oscillations which is bigger than
the rotor speed frequency (2.083 Hz). In other words, the
oscillations that appear due to the transmission network
disturbance are not the same oscillations that appear due to the
mechanical disturbance on the runner blade which oscillate on the
runner frequency as reported in this paper.

There was a lot of discussion about the possible influence of the
AVR on power oscillations. Many specialised measurements and
tests of the excitation system were performed. Among others, a
special test was conducted using an old backup system with

Fig. 6  Spectral analysis of power oscillations
 

Fig. 7  Waveforms for three operating points (top to bottom: 38, 35, 33 
MW)

 

Fig. 8  First harmonic amplitude (top) and phase (bottom) as a function of
active power

 

Fig. 9  Power reduction during power oscillations (black – basic signal;
red – averaged signal)

 

Fig. 10  Correlation of average active power reduction (top) and power
oscillations amplitude (bottom)

 

Fig. 11  Response to transmission line switching off (top to bottom: P, Q,
Uff, Iff)
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constant exciter excitation voltage (Fig. 14). This operation mode
is provided in the case of voltage regulation fault and in such cases,
there is a backup excitation current regulation (sometimes called
manual regulation). The transition from backup (manual) to
automatic regulation is recorded during first commissioning and it
is obvious that there were power oscillations in both modes of
operation which is visible by the persistent oscillations in Fig. 14.
Moreover, this shows that the oscillations do not depend on the
voltage regulation mode.

4.4 Effects of power system stabiliser (PSS)

PSS is implemented as an additional part of the microprocessor-
based digital voltage regulator. Stabiliser has a structure of IEEE-
type PSS2B and parameters are defined according to the recorded
phase characteristic of the brushless excitation system [36]. The
main goal was to compensate the phase as much as possible for
dominant frequencies of power oscillations in the range of 1–3 Hz.

PSS acts on the exciter excitation voltage and the oscillations
are partially transferred from the active power signal to the voltage
signals (generator terminal voltage and reactive power). Due to

this, it was necessary to make a compromise between achieved
damping of active power oscillations and introduced exciter
excitation voltage oscillations. Partial damping of oscillations is
accomplished, and for bigger damping a higher gain should be set.
However, the negative impact on the reactive power and terminal
voltage oscillations increases. The effects of PSS action are most
obvious during switching on (Fig. 15) or switching off the
stabiliser (Fig. 16) when power oscillations are present. Additional
improvements in PSS action by parameter tuning are probably
possible, but with the existing PSS2B algorithm based on

Fig. 12  Waveform of the power signal during the transmission network
disturbance (red markers indicate one complete turn of the rotor)

 

Fig. 13  Spectral analysis of the power signal during the transmission
network disturbance

 

Fig. 14  Measured waveforms for manual and automatic voltage
regulation (top to bottom: generator current Ig, active power Pg, terminal
voltage Ug, reactive power Qg, exciter excitation voltage Ufu, generator
speed ng)

 

Fig. 15  PSS switching on: waveforms of electrical quantities recorded by
excitation system (top to bottom: Ug, P, Q, Uff, Iff)

 

Fig. 16  PSS switching off: waveforms of electrical quantities recorded by
excitation system (top to bottom: Ug, P, Q, Uff, Iff)
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calculated speed signal these possibilities are limited.
Improvements are possible by using advanced algorithms for
which the advanced high-quality speed measurement is needed.
However, the existing measurement system is not accurate enough.

Regardless of these additional features, the conclusion remains
that in the presence of forced oscillations, active power oscillations
can be partially damped by the PSS, but at the cost of increased
reactive power oscillations.

4.5 Draft tube pressure pulsation

To identify the phenomena in water flowing through the turbine,
the continuous measurements of pressure in the draft tube were
implemented. Pressure pulsations were measured during the
turbine commissioning, but like other measured quantities, it is
important to have continuous measurement and automatic transient
records including the waveforms. The pressure sensor is mounted
on the conical metal part of the draft tube downstream of the
runner in the upper position. In normal conditions, the pressure
pulsates in regular rhythm 4 times per turn, which corresponds to
the passing of runner blades. In the normal operation, the pressure
uniformly pulsates 4 times per turn which is visible in Fig. 17
before the oscillations start while the average signal of the
pulsations is practically constant. On the other hand, when the
oscillations start an additional component appears with frequency
once per turn (see the average signal of the pressure in Fig. 17).
From pressure pulsations, the waveform of the mechanical torque
can be approximately identified assuming that the irregular draft
tube pressure pulsations during a disturbance are reflected in the
mechanical torque.

4.6 Characteristic cases overview

Tables 2 and 3 show the data of characteristic cases of power
oscillations for units A and B, respectively. 

The records include all cases of the power oscillations with a
step change of amplitude in the last 3 years for which the power
decrease and phase shift of the first harmonic could be uniquely
identified. The analysis of the recorded characteristic cases shows
that the phase shift of power oscillations’ first harmonic is
approximately equal to one of the four discrete values which
correspond to one of the four runner blades. This is clearly visible
in both Fig. 18 showing the data for unit A (Table 2) and in Fig. 19
showing the data for unit B (Table 3) in which the phase of the
oscillation signal is grouped around one of the four values (90°, 0°,
−90°, −180°). 

This leads to a very important conclusion that each appearance
of power oscillations can be related to a disturbance on a single
runner blade. Although there are differences in number of cases for
each blade which should be investigated on an even larger number
of cases, it can be concluded with no doubt that the cause of

oscillations appears on a specific blade and that the incidence of
occurrence on each blade is approximately equal for both units.

5 Modelling, simulation and results
Analysed electromechanical oscillations are mostly defined by
synchronous generator dynamics which are described by the
seventh-order nonlinear model [37] (1). The synchronous generator
data is given in Table 4:

vd

−vF

0
vq

0

= −

Ld kMF kMD 0 0
kMF LF MR 0 0
kMD MR LD 0 0

0 0 0 Lq kMQ

0 0 0 kMQ LQ

id
iF
iD
iq
iQ

−

Ld kMF kMD 0 0
kMF LF MR 0 0
kMD MR LD 0 0

0 0 0 Lq kMQ

0 0 0 kMQ LQ

i̇d

i̇F

i̇D

i̇q

i̇Q

(1)

For dynamic behaviour analysis of small displacements around the
operating point, the linearisation around this point is possible and
desirable. The synchronous generator can be treated as a linear
system regarding the observed small disturbances, whereupon the
basic tools of linear system analysis are used to calculate
eigenvalues. In this way, the natural frequency of
electromechanical oscillations is calculated.

Fig. 20 shows the natural frequency calculated from the state-
space model eigenvalues as a function of loading [30]. The
individual curves correspond to constant reactive power. The active
power varies from 0 to 1 p.u. in steps of 0.02 p.u. The natural
frequency of electromechanical oscillations and rotor speed
frequency ω0 are sufficiently different for all standard operating
points. These frequencies are close to one another only in
conditions in which units never work i.e. low active power in the
underexcited region.

For dynamic behaviour analysis in the time domain, the
complete nonlinear model is used. Due to the characteristics of the
analysed phenomena and the time domain in which they are
analysed, the key element of the model is the synchronous
generator which is modelled in detail. For the AVR model, a
constant excitation representation is used, while the turbine model
is identified from draft tube pressure measurements as shown in
Fig. 21 (corresponding to the actual operating conditions in the
plant). The structure of the complete simulation model is shown in
Fig. 22 and modelled in MATLAB-Simulink. 

Fig. 17  Generator power (top) and draft tube pressure (bottom) during oscillations (draft tube pressure – blue; average draft tube pressure – magenta; one
turn of the rotor – green)
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The main objective of the simulations is to confirm the
assumptions made about the nature of the electromechanical
oscillations. For draft tube pressure as an input, the active power
response of the generator is analysed. Mechanical torque (Tm) is

experimentally identified from the available draft tube pressure
measurement (pdt). The relationship between mechanical torque
and draft tube pressure is predefined according to the steady-state
data for different operating points. In this way, for each specific

Table 2 Power oscillations data: unit A
Date pp1h, MW P, MW ΔP, MW phase30, deg phase38, deg
12.06.2015. 1.5 25 0.5 0 −120
13.06.2015. 1 23 0.2 −70 —
15.06.2015. 0.7 30 0.15 −150 —
22.06.2015. 0.5 20 0.2 −150 —
16.10.2015. 1 37 0.25 20 −100
14.04.2016. 2.6 38 0.55 0 −110
16.04.2016. 4 35 1.6 −160 70
02.05.2016. 1.9 38 0.45 10 −110
13.05.2016. 1.2 38 0.2 −160 80
26.05.2016. 1.4 36 0.3 10 —
11.06.2016. 1 30 0.2 10 —
06.07.2016. 1.7 30 — −80 —
18.07.2016. 1.5 34 0.3 −160 —
11.08.2016. 0.9 38 — 110 0
16.08.2016. 0.9 38 0.15 110 0
01.09.2016. 1.4 32 0.3 −80 160
15.09.2016. 1.8 35 0.45 −170 —
01.10.2016. 1.8 38 0.45 0 −110
18.04.2017. 3.1 38 0.5 — −120
19.09.2017. 1.6 38 0.3 110 −10
28.10.2017. 1.3 35 0.2 20 −80
04.12.2017. 1.6 25 0.5 10 —
12.12.2017. 0.9 38 0.2 20 −100
15.12.2017. 0.8 38 0.1 100 0
23.12.2017. 1.4 32 0.3 −150 —
26.12.2017. 0.8 38 0.2 110 0
10.03.2018. 2.5 39 0.35 −80 160
11.04.2018. 0.6 31.5 0.15 20 —
01.05.2018. 2 38.5 0.4 0 −110
13.05.2018. 0.7 39 0.05 −150 130
02.06.2018. 1 38.5 0.1 −70 −180
 

Table 3 Power oscillations data: unit B
Date pp1h, MW P, MW ΔP, MW phase30, deg phase38, deg
15.06.2015. 1 37.5 0.2 — —
12.07.2015. 0.4 25 — −160 —
31.07.2015. 1 30 — 20 —
04.08.2015. 0.7 38 0.25 — −170
24.10.2015. 1.1 37 0.1 — —
19.11.2015. 1 38 0.3 100 −10
26.03.2016. 1.9 39 0.3 −170 60
07.05.2016. 0.9 32 0.15 −80 —
29.05.2016. 0.8 29 — −160 —
04.07.2016. 1.4 30 0.3 100 —
28.02.2017. 1.4 35 0.2 −80 150
04.05.2017. 1.2 32 0.2 20 —
05.05.2017. 1.9 39 — 20 −100
18.09.2017. 1.4 38 0.3 −160 70
28.10.2017. 0.9 30 0.1 100 0
18.01.2018. 1.5 39 0.35 −170 80
02.02.2018. 1.1 39 0.15 — −90
24.04.2018. 0.6 39 0.1 — −140
02.05.2018. 0.7 39 0.2 110 20
24.05.2018. 0.7 39 0.1 −70 −140
25.05.2018. 2.4 39 0.5 −170 80
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case of power oscillations, the mechanical torque waveform is
simulated (Fig. 21).

Comparing the measurement data and simulation model
response for electromechanical oscillations, a good agreement
between the measured and simulated results is achieved according
to Fig. 23. 

6 Conclusion
In this paper, the power oscillations phenomenon in a large bulb
Kaplan turbine in HPP Dubrava is described and analysed using
both experimental data and simulation model. The main limitation
of the proposed model is that in order to simulate the real
occurrence of simulations in a hydropower plant, the draft tube
pressure measurements must exist and the mechanical torque must

be identified. Nevertheless, the results in this paper provide a good
foundation for developing a more generic model for general
stability studies.

Treatment of these specific oscillations during the plant
operation and their effectiveness has been presented and the
general conclusion is that completely stopping and restarting the
unit is most effective in eliminating the oscillations. It was shown
that the amplitude of oscillations is around a few per cent of the
rated power. The analysis of waveforms of the oscillations has
shown that they are not influenced by the AVR and that they are
different from oscillations caused by a transmission network
disturbance.

Flow-induced pulsations and vibrations in the turbine are
analysed as one of the possible causes of oscillations. Cavitation
characteristics of low-head large bulb turbine and correlation with
oscillations have been discussed and it was concluded that the
cavitation appearing on the runner blade in the upper position
causes mechanical torque disturbance and oscillations.

The periodical disturbance of mechanical torque is defined as
the main cause of power oscillations, and the key conclusions are:

• power reduction at the instance of oscillations occurrence
indicates the flow disturbance, which causes turbine efficiency
decrease for the same operating point;

• the natural frequency of electromechanical oscillations and rotor
speed frequency are sufficiently different, which is obvious
during the transmission network disturbance. Additional
confirmation is that in the operation of almost identical units in
another plant (HPP Čakovec) there are no power oscillations;

• waveforms of the active power deviate from sinusoidal form and
changes of the waveforms at different power levels indicate the
connection to the cavitation;

• the change of draft tube pressure pulsations at the instance of
power oscillations occurrence corresponds to the change of
mechanical torque;

• the effect of PSS operation is manifested as a partial transfer of
oscillations from the active to reactive power.

Fig. 18  First harmonic phase (unit A): grouping around four discrete values
 

Fig. 19  First harmonic phase (unit B): grouping around four discrete
 

Table 4 Synchronous generator data
Parameter Symbol Value
nominal power Sn 42 MVA
nominal voltage Un 6.3 kV
frequency fn 50 Hz
d-axis synchronous reactance Xd 1.346 pu
d-axis transient reactance X′d 0.446 pu
d-axis subtransient reactance X″d 0.330 pu
q-axis synchronous reactance Xq 0.940 pu
q-axis subtransient reactance X″q 0.371 pu
armature leakage reactance Xl 0.243 pu
d-axis transient time constant T′d 0.550 s
d-axis subtransient time constant T″d 0.029 s
q-axis subtransient time constant T″q 0.029 s
armature winding resistance Ra 0.006 Ω
inertia constant H 0.9 s
exciter and AVR gain KA 200 pu
exciter time constant TA 1 s
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There are still several topics concerning mechanical torque
disturbance that are of interest in future research, primarily the
identification of cavitation-related phenomena using complex
cavitation measurements and confirming a correlation with
mechanical torque disturbance. Therefore, future research will be
focused on flow-induced pulsation and cavitation advanced
measurements, modelling and analysis. Moreover, future research
will include studying the effects of water-added mass on the

turbine inertia and the development of improved generic hydraulic
models.
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