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Abstract: About ten hydroelectric power plants realized from 1970 to 1990 in Romania are confronted
with stator overheating. The developed mathematical model analyzes the voltage stability based on
modal analysis of the Jacobian matrix, identifying the hazardous modes of variation between voltage
and flow rate, correlated with the characteristics of the analyzed generators and their response to
these variations. Vulnerable elements in the system for inductive and capacitive modes of operation
are identified. In these conditions, hydro generators cannot attend the secondary voltage control, not
even for a frequency power dependency control. The elaborated mathematical model was tested at
the hydroelectric power plants Gilceag, Mariselu, and Susag with similar functioning conditions. The
necessary conditions for stator ventilation and variation of flow hydrodynamic parameters during
the operation were established. The theoretical model was tested with an experimental method
applied separately for the thermal and ventilation conditions. Some results obtained during the
measurements are illustrated and correlated with the theoretical results. The model was tested to
prevent the onset instability of voltage drops and accelerated overheating. Finally, some solutions to
minimize the stators overheating based on local conditions are recommended.

Keywords: condition monitoring and diagnostics; electric machines; power engineering computing;
power generation control; power system analysis computing; stators; turbine

1. Introduction

In Romania, from 1970 until 1990, according to the past energy policy, more than
90 hydroelectric power plants (HPPs) were built. About 20 of them had in their structure
similar turbines and generators as functioning parameters, although they should operate
in different conditions of pressure and flow rate as mentioned [1,2]. Shortly after their
commissioning, overheating of the generator stator appeared, especially for turbines with
a vertical axis. To maintain the function of these hydropower plants, the accumulation
lakes were partially emptied, thus modifying the pressure and flow rate, but also the
produced energy [34].

Nowadays, the operation of power plants is carried out in increased stress conditions.
For instance, urban development in the past few years has produced a drastic increase
in electricity consumption. Energy market liberalization has led to the development of
new power plants, mostly based on renewable energy. However, the transport and redistri-
bution of energy is carried out through old transmission lines, [5-7]. In these references,
the main recorded conditions during the hydro-generators’ functioning are analyzed at
different parameters.

The appearance of voltage instability is frequently characterized by uncontrolled
degradation, manifested slowly in the beginning, but accelerating in time, of the whole
node and system in the area. These voltage fluctuations affect the operation of hydropower
units. Climate change has led to significant changes in river flow rate and water levels
in hydropower lakes. In recent decades, the appearance of torrential rain phenomena
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with a large influx of uncontrolled flow rate has become more frequent. So, the turbines
of hydroelectric power plants are subject to loads and fluctuations of the exploitation
parameters [8-10]. Voltage instability, due to non-stationary load behavior, becomes a
dynamic phenomenon, which through self-regulation or automatic regulation mechanisms
try to restore some of the required power, often exceeding the specific value of the turbine—
generator assembly [11]. For the analyzed hydroelectric power plants, these problems
are cumulative.

The Gilceag and Susag HPPs on the Sebes River and HPP Mariselu on the Somes
River were selected for the present analysis, being confronted with the stator overheating
practically since their commissioning [12,13]. There are problems related to the type
of the turbine and generator in the implemented solution, so there is a permanently
registered overheating of the generator’s stator. Similar problems have been observed
by abroad researchers at other HPPs, confronted with similar problems [14,15] such as
stator overheating [16]. The problem is current, and many patents are dedicated to the
analysis of stator core heating, stator overheating, and determining any solution to remedy
it [17,18], because a general valid cause responsible for the stator heating has not yet
been determined [19].

In the present paper, three power plants were chosen out of over ten Romanian power
plants facing similar problems. The selected power plants have similar power ratings, are
in close geographical areas, and were commissioned around the same time.

For a more accurate analysis of causes that led to the stators overheating, detailed
experimental measurements were realized with high-performance measuring equipment,
which have very small errors. Measurements were carried out during the operation, ob-
serving areas where the temperatures exceeded 100 °C [20-22]. A mathematical model was
developed as a static method for evaluating the voltage stability based on the modal analy-
sis of the reduced Jacobian matrix. It allows for the identification of the most dangerous
modes of variation between voltage and flow in the power system, as well as the generator
participation in these modes of variation. The obtained results from the theoretical model
were compared with the experimental ones and for each generator, the causes leading to
this overheating were determined. Each generator was analyzed separately, as there is
not a general cause. Rehabilitation solutions have been proposed for each generator to
improve the functioning parameters.

2. Materials and Methods
2.1. Mathematical Model

Mathematical models regarding voltage stability are based on the modified nodal
power balance equations, so that the factors that trigger the phenomena of instability can

be analyzed.
u\* u\“e
P =KpP {110 + ae (Uo) ], Q = KgQo {bo + be (Uo) } (1)

Here, Py and Qg are the power and flow used in the rated regime, characterized by
value U of the voltage, Kp and K are the demand coefficients with a value of 1 in the basic
regime, and ay, 4., by, be are coefficients that satisfy the importance of the model components,
with conditions ay + a, = 1, by + b, = 1. Here, a9 = 0.43,a, = 0,57,by = 0.6,b, = 0.4.

To model the reactive power limitation due to the stator or rotor current, the nodes of
the electric power system to which the generators are connected are nodes with a controlled
voltage, which have the power limits P,,;, and Pyy. Starting from the equations of the
permanent regime, and adopting the rotor’s isotropy hypothesis, can be obtained:
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Here, Ig'™ is the maximum current intensity and X is a correction factor taking into

account the power variations.

In these conditions, for an electro-energetic system having n; nodes, of which n. are
considered consuming nodes and the node n is the equilibrium node, the balance equations
of nodal powers may be written:

n
k21 Uil Yk cos(T; — Ty — vix) = Pgi — Pei(U;), 1 = 1, 2,..., n—1

n ®3)
kgl Uiy Y sin(T; — Ty — i) = Qqi(Ui) — Qei(U;), i = 1, 2,..., nc

By linearizing the previous equations around a function point, the linear form of the

mathematical model is obtained:
AT AT

{AP}:[]PT Jru
AQ Jor Jou

Here, AT is the temperature variation and [Jou], [Jpu] are the sub-matrices from
the linear model. Voltage stability in the system turbine generator is a parameter also
affected by the active and reactive power. This formulation has the advantage that these
parameters are measurable. It is enough to measure a single row (here, temperatures)
or a single column of the matrix, as the entire matrix can be built because any element
can be calculated if the shape of its modes is known. Given the direct voltage-flow rate
dependence, a matrix subjected to modal analysis was created.

1 = Uoul = Uor]Urrl el 5)

Matrix decomposition is used according to the A;- eigenvectors values and is based
on the quasi-symmetry property of the reduced Jacobian matrix. A matrix that has its
eigenvalues can be decomposed into three matrices: a spectral matrix, a matrix whose
columns are eigenvectors to the right of the base matrix, and a matrix whose lines are
eigenvectors to the left of the base matrix.

U] = [R][AJ[L] (6)

where [A] is the spectral matrix of the matrix [J], [R] is the matrix whose columns are
eigenvectors to the right of matrix [J], corresponding to eigenvectors A; and [L] is the matrix
whose lines are eigenvectors to the left A; of the matrix [J].

Each eigenvalue A; together with the associated eigenvectors define the mode variation
of the analyzed energetic system.

There are three situations encountered:

o IfA; >0, the system is stable because the flow, voltage, and modal reactive power have
the same mode of variation; so a flow increase ensures a surplus of reactive power;

o If A; <0, the system is unstable; variables have a negative variation so a flow rate
increase mainly induces a temperature increase and less voltage and reactive power;

o IfA; =0, the system “collapses”; a flow increase only leads to an increase in temperature
and the hydro-generator practically slips.

e  The overheating, mainly in the turbine’s stator, produces the following shortcomings
in functioning;:
Diminishes the functioning domain by processing lower flow rates;
Decreases the functioning time; and consequently, nowadays they function only at
peak power;

e  Reduces the reserve of active power, and by consequence, decreases the maximum
possible delivered power active or reactive;
Reduces the participation possibility in secondary voltage control;
Decreases the possibility of the adjustments between frequency and power;
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e High differences of temperature in the turbine components appear, significantly
reducing the turbine reliability and lifespan; they require successive reparations,
minimizing its functioning security.

The participation factors allow identification for each zone of the U-Q variation mode
and the vulnerable zones. It is a criterion for selecting vulnerable areas.

AQ;

max (Allé) 7

Py g=

Here, AU;, is the variation of the reactive power at generator 7, and AQ; is the flow
rate variation at the same generator. Mathematical models allow for the estimation of the
ventilation conditions in established critical points, necessary to be cooled, associated with
dynamic flow conditions for the entire area.

Temperature values obtained by modal analysis are relatively simple to compare with
the estimated values by modal parameters, but this is not enough. Modal models can be
used qualitatively, but additional investigations are needed to certify the model accuracy,
such as verifying the model accuracy by experimental measurements. If the equipment
calibration and test performance were done correctly, then the model will describe with
great precision the thermal behavior of the analyzed stator. A simple procedure is used to
test the model’s accuracy. During the test, a complete line of temperatures is measured,
considered an impact test, obtaining m, the number of modes, and n, the degrees of
freedom, frequency response functions. Using the measured data, the calculation program
provides data on the synthesis of new response functions, corresponding to points where
no measurements were made. Accuracy can be observed around the modal frequencies,
places where the peaks will overlap exactly.

2.2. Selected Hydroelectric Power Plants

To analyze the main causes of stators overheating, three HPPs were selected: Gilceag
and Susag on the Sebes River and Mariselu on Somes River.

The first one, HPP Gilceag, was built in 1980 (Figure 1a) being constructed under-
ground, so a gallery 8.2 km in length was necessary. For power electricity production,
two Francis turbines typewere installed, of 75 MW each, model FVM 83.5-430. A power
capacity production of P = 150 MW is established for a flow rate of =40 m?/s, with a
maximum accepted flow rate of Q = 550 m®/s at H = 430 m.

Figure 1. Analyzed hydroelectric power plants (HPPs): (a) HPP Gilceag; (b) HPP Susag;
(c) HPP Mariselu.

The second one, completed in 1978, is HPP Sugag (Figure 1b), which is also under-
ground, being a derivation of the Sebes River on its right bank. It has the same production
capacity of P = 150 MW, powered by two Francis turbines of 75 MW, model FVM 78-326,
with an average flow rate of Q =51.6 m®/s and H = 355 m.

The third one, HPP Mariselu, was completed in 1974 (Figure 1c) and is the first from a
cascade of eight HPPs realized on the Somes River, with a higher capacity than the other
two; P = 220 MW. Here, three Francis turbines of 73.5 MW each are installed, with an
average flow rate of Q =72 m3/s and H = 470 m [23,24].

In this research, for each HPP, hydro generators (HGs) with the characteristics men-
tioned in Table 1 were analyzed, where: P, is the apparent nominal power, P, is the
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nominal active power, U; is the rated voltage measured at terminals, I, is the rated stator
intensity current, cos(¢,;) is the nominal power factor, I is the rated excitation intensity cur-
rent, n, is the nominal speed, x; is the synchronous reactance in the longitudinal direction,
and xq is the synchronous reactance in the transverse direction.

Table 1. Turbine characteristics. Py,: apparent nominal power; P,;: nominal active power; U;: rated
voltage measured at terminals; I,;: rated stator intensity current; cos(¢,;): nominal power factor; I,:
rated excitation intensity current; n,: nominal speed; x;: synchronous reactance in the longitudinal
direction; x;: synchronous reactance in the transverse direction.

Parameter Units HG1 Gilceag HG1 Susag HG1 Mariselu
Type - HVS396/215-10  HVS463/160-14  HVS396/215-10
Py MVA 90 85 90
Py MW 81 76.5 81
U; kv 15.75 15.75 15.75
In A 3300 3110 3300
cos(¢y) - 0.9 0.9 0.9
I A 997 780 997
Ny rot/min 600 428.6 600
X4 ur. 0.9955 0.9485 0.9955
Xq wr. 0.6095 0.6205 0.6095

The study of proper HG functioning requires a complete analysis of their cooling
system. Figure 2a,b illustrates cross-sections for the HG in Gilceag to better understand the
existing ventilation system.

Figure 2. General image and cross-sections for HPP Gilceag: (a) generator and motor; (b) excitation
and automation system.

The study of the hydro generator (HG) cooling solution can be achieved as a reaction
to the factors that cause the warming of its elements, the critical points where heating
occurs, factors that act together, and finally, how it can be remedied. For a complex analysis
of stator overheating, firstly the generator’s geometric dimensions were determined, and
the losses between all active components, materials’ structure, and registered temperatures
were recorded in different operating regimes.

2.3. Experimental Model

For a better correlation between the theoretical and experimental models, the ventila-
tion and thermal circuits were tested separately. For the ventilation circuit, an equivalent
scheme was designed using the calculated equivalent parameters, based on the generator
dimensions and airflow circulation, and the necessary airflow for a proper cooling system
was estimated. For thermal circuits, on the entire stator’s height, for its active components,
an equivalent scheme for the temperature distribution was elaborated.
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2.3.1. Ventilation Measurements

Based on previous observations considering the stator heating, the following measure-
ments were accomplished, [25,26]:

e At the front grills of the cooler, the flow rate of cold air at the generator entrance.
Cold air passes through a small pipe system to the bottom star, cooling this part of
the generator;

Air velocity when leaving the generator cooling system;

To measure air velocity circulation from the stator radial channels to the cooler, it
was necessary to remove a cooler. Measurements were accomplished for the entire
generator height.

2.3.2. Thermal Measurements
For proper surveillance of generator function the following temperatures were measured:

e At the generator, in the active parts, such as the stator’s iron and copper, with the
existing thermal resistances realized in notches, as it was in the initial solution;
e  Using the method of resistance variation, the winding excitation was measured.

Supplementary temperatures were measured both for the hot air which leaves the
generator and enters into the coolers but also for the cool air that leaves the coolers.
Measurements were firstly accomplished with the already located thermal resistances.
Sensor 1 x Pt, which had a range of temperatures T = —50 ... +200 °C, was implemented
to record:

1.  The cold air temperature at the generator entrance, at bottom of the grating, and in
the upper part of the superior star;

2. The air temperature was measured during functioning, introducing a thermocouple
between radial stator channels to output, at a 5-6 mm distance in the air gap;

3. The stator bars temperature in radial ventilation channels, by introducing thermocou-
ple probes in channels, to make contact at the bottom notch with the bars insulation;

4. With a fixed thermocouple, the temperature was measured in the upper part of the
stator teeth.

Supplementary, the thermometers Model 4339 with an ultra-high performance of
£0.5 °C and the thermocouples model TSM were placed in the most disadvantaged places
to measure the temperature as accurately as possible. The measurements were realized at
each channel, for the entire height of equipment, as mentioned in Figure 3a, and for the
stator teeth as in Figure 3b.

Praccing 7
Pressing zone
j i | | |L’Statm'bar I SSHE |

| | | 4_,_,_‘ Transducers
First package laminations |~

Thermocouple probe

—— |

Second package laminations
paciag Stator tooth base

TTT
Air zap Packaze laminations
Rotorpale Rotorpole

(a) (b)

Figure 3. Examples of thermocouple installation: (a) in each stator channel; (b) between packages
of laminations.

The air temperature was measured in air gaps for each channel, on the entire height of
the generator.



Energies 2021, 14, 1243

7 of 14

3. Results

Calculations and experimental modeling were performed in three cases, at the rated
operating regime - Case 1, for flow variation by 10% - Case 2, and by 30% - Case 3. The
obtained results in percentages are mentioned in Table 2. For each analyzed case, several
situations were modeled.

Table 2. Variation of stator temperature depending on the functioning fluctuations.

Case 1 Case 2 Case 3
HG1-Gilceag 8.83 23.34 48.71
HG1-Susag 12.29 28.57 51.42
HG1-Mariselu 7.94 24.12 44.53

3.1. Diagnosis of the Stator Core

The classical method involves the stator heating in a magnetic field of excitation with
induction, but in this research used the method with low inductions. Only 4-7% of the
generator nominal induction is used, based on the fault currents’ electromagnetic effect and
not on their thermal effect. This method does not affect the stator heating of its iron parts
during the tests. The utilization of high voltages and currents is avoided, and therefore, the
electricity consumption. The used currents are of only a few amps.

This method allows for the detection of all imperfections and defects of the stator core,
regardless of their position. The measuring and position transducers are placed on a trolley
that moves along each stator notch, thus scanning the entire core. On the screen through
LabVIEW), the transducer position inside the stator is observed, and the state of sheets is
recorded. Figure 4 shows the spectra recorded in three notches for the flow variation by
10%. The existence of defects in stator iron may be observed.

0.4p - Excitaton [V]

030
020 INotch

010- E

[on-
Temperanure

0.40-

0.20-

0.00- _:.-"""'a..__ oy B T it LT T o Wikl Lol NP
0.20-
015~

e
D'DE_M
0.00- ; S

Figure 4. Temperature spectra measured along 3 notches in the stator iron at the low induction.

3.2. Stator Winding Insulation Analysis

This method uses the results of the air temperature measurements in the iron air gap.
In the middle part of the generator, the temperature is smaller, increasing unevenly in the
upper part (Figure 5a). For channels two and three from the frontal area, a sudden rise in
temperature was recorded, making the stator overheat more rapidly.
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Figure 5. Obtained results: (a) air temperature in stator air gaps; (b) air velocity in the stator.

At the HGs from the power plants Galceag and Mariselu, in the first stator channel of
ventilation, the air velocity is smaller compared to values recorded in the other channels
(Figure 5b) producing the stator overheating. This is a consequence of the adopted solution
for the rotor windings, with flexible links, which do not allow a proper air admission in
channels. In this presently realized construction, their width is placed, unfortunately, in
the perpendicular direction of the airflow [27].

The generator from the power plant Sugag has a constructive modification of the stator
which produces its heating. The output airflow rate from the pressing zone is obstructed,
so in front of the radial channel, the air velocity is higher compared with values recorded in
other stator channels. Figure 5a,b illustrates the temperature distribution in stator’s copper
and iron, based on its variation in the air gap [28]. The obtained values by numerical
modeling are compared with the experimentally recorded data. The temperature in the air
gap was chosen for measurements because this air practically cools the stator.

With LabVIEW all measured values are considered by the analyzer and processed to
establish the state of the stator insulation and highlight, if any, defects in the insulation.
The higher the number of measurements is, the higher the measurements accuracy.

3.3. Radial Consolidation of the Stator Winding

The correct radial winding of the generator stator bars is an essential condition for
the proper operation of hydro-aggregates. At weak winding, the bars vibrate in the notch,
followed by the mechanical damage of bars and the notch insulation. In time, due to the
partial discharge followed by a short circuit between the coils of the same phase or from
different phases, problems appear in stator winding [29].

To check the stator radial consolidation, this research uses the WOODY equipment
which, with an electromagnetic hammer, strikes the bars with a constant intensity and
frequency 10 strokes/s. The data acquisition board displays the appearance of the raw
signal in real-time. The device acquires data from the measurement transducers, converts
analog quantities into digital, which it then processes and displays online.

The results are presented as a map using a color code, to indicate the condition of the
bars, which could be consolidated, partially consolidated, and unconsolidated (Figure 6a,b).
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Channels number

(a)

(b)

Figure 6. Images of the radial stator consolidation: (a) partial consolidated with winding defect; (b) consolidated.

3.4. Final Results

For a specified variation law of current excitation for rotor windings, the electro-
mechanical regulator interrupts the voltage and closes the devices in transient processes [30].
This transient process that stops the aggregate is associated with a transitional regime
characterized by high electrical and mechanical solicitations which could be sometimes
inadequate for a safe functioning mode. If induced additional stresses are added due
to high stator temperatures, in time, they will additionally affect the hydro-generator
functioning. Therefore, the evolution of these electromagnetic and mechanical processes
should be known. Figure 7a,b illustrates a comparison between the parameters obtained
by calculation and measurement for the temperature variation in the stator. %clearpage

Channels number

0 ( : 0 ( ?_,{// =
10 10 i [I
13 13 T
I
20 . . 20
20 40 60 .ED o0 120 Te, [MC] 20 40 60 80 100 120 Ty [°C]
— Galceag — Mariselu — Sugag (measurements) — (alceaz — Marizelu — Suzag (measurements)
Galceag -~ Mariselu - Sugag (calculations) - Galeeag - Mariselu - Sugag (calculations)

(b)

Figure 7. Comparison between theoretical and experimental results: (a) for stator cooper; (b) for stator iron.

For transient processes, when it is necessary to stop the hydro-aggregate, some other
supplementary parameters are recorded as P is the interruption of the active power, U is
the line voltage of stator winding, Vi rag is in the radial direction, the appeared vibrations
in bearings, P; is the reactive power interruption, U,y is the voltage of rotors excitation, and
finally n is the rotor speed.

During the functioning at P = 60 MW, some vibrations appear periodically, with a
4 s increase and 2 s decrease. In these conditions, these oscillations have a periodicity
of about 6 s. Additionally some vibrations at the upper part of the stator command star
were recorded during the generator functioning. All these vibrations are felt in the stator
fixing points, at the star superior ring, and have the same variation law as in bearings. The
induced perturbations by a frequency of 200 mHz are presented in Figure 8.
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Figure 8. Frequency—power characteristic in the case of a 200 mHz disturbance.

At this perturbation of frequency, a rotor over-speed appears at about 5.4%, com-
pared to values recorded at rated parameters [31]. This is a supplementary factor of the
stator overheating.

Finally, some of the obtained results for the Galceag generator are illustrated below.
Figure 9a illustrates the dependence between the stator’s iron and copper heated parts
from the first three sheets packages and the temperature from the air-gap, and Figure 9b
shows the variation of the cold air velocity with temperature from the air-gap. The package
number is noted with one, two, and three. During the measurements, the high values of air
velocities were also tested. Even so, temperature variation tends to remain almost at the
same saturated value, no matter how the air velocity increases. For doubled air velocity
in the first two channels, the heating of the stator copper decreases compared with the
first package of stator lamination only by 6 °C, and in the stator’s teeth of the stator, in the
same packet of lamination, the temperature drops by only 3 °C. In the case of stator iron,
the phenomenon is even clearer because the temperature drops by only 3 °C in the same
packet of laminations.

Temperature T [°C]

.
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S [ i
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4 —
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023 03 0731 125 13 3 2V[mf] Ve M WS s el sl e s i
- F Fa 1 Ta 2
—Cul —Cul? —Cuj —Fe-l —Fel —Fei
(a) (b)

Figure 9. Distribution of temperatures in the transient regime for the first three packages of laminations in: (a) stator cooper;
(b) stator iron.

The maximum value of vibrations in the radial-axial bearings was about 2.84 mm/s
for P = 50 MW, and 2.63 mm /s for P = 60 MW. For transient functioning conditions such as
the braking process, and for high values of produced power, the rotor dynamic is stable.
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For HPP Galceag and Mariselu, differences between the measured and calculated values
were about 2.22% and 2.43%, respectively, and for HPP Sugag, smaller, at about 1.84%.

4. Discussion

The calculations and experimental modeling were performed in three cases, at different
operating regimes, but the most important application of the modal model represents the
possibility of the process numerical simulation. It helps when the purpose is to optimize
an analyzed model or to know the dynamic behavior of some structures or elements due
to the influence of certain disruptive factors. In the studied case, the method is used to
analyze the stator’s copper and iron behavior during operation and causes that lead to the
stator overheating. The simulation process can be repeated cyclically whenever necessary
and comprises three steps: answer simulation, verification of the correctness of the answer,
and if necessary, the simulation modification in case that the obtained errors are too high.

All theoretical calculations are based on the modal model. Changes can be simulated
in the measuring points and directions. For this analysis, the temperature measurement
on the entire stator height was chosen. The accuracy of the method depends entirely
on the quality of the model obtained from the measurements. Based on the elaborated
modal analysis model, a comparison between the theoretical results and experimental
measurements registered by the operating personnel, during the current operation at each
analyzed power plant, was made. The experimental measurements initially had high
errors, and stators had many areas with defects, so the first obtained results and errors
were quite large, being higher than 10%.

Measurements were redone, on the entire height of the stator, with high-performance
equipment which had errors of about 0.5 °C, both for the stator copper and stator iron. In
this case, when the obtained results between the modal analysis and experimental data
were compared, the recorded differences are smaller, being below 3.2%.

For the proper analysis of the main causes of stator overheating, firstly a diagnosis of
the stator core was made, illustrating the temperature variations that occur in three teeth
of the stator iron, in case it had a defect. An analysis of the stator winding insulation was
performed by measuring the air temperature in the stator air gap and vertical direction
for the entire stator. Next, the radial consolidation of the stator winding with the WOODY
equipment was analyzed. The results are presented in a colored spectrum, to highlight the
encountered cases, and consolidated, partially consolidated, and unconsolidated bars. An
analysis of the transient operation effects, which affect temperature distribution in the first
three packs of sheets in stator’s copper and iron, was also presented.

Each HPP analyzed, Mariselu, Susag, and Galceag, even with similar delivered power
in the national system, based on the mathematical modeling and confirmed by experi-
mental measurements, have big differences in their operating conditions. For this reason,
discussions for each HPP will be analyzed separately, with mentioned proposals for each
HG to improve the functioning conditions, with the main objective being the minimization
of the stator overheating in the frontal area.

4.1. Hydro Generators from the Galceag Power Plant

Presently, the hydro-generators operate with a maximum intensity of stator electric
current, L = 2800 A, for a power production of P = 75 MW with Q = +15 Mvar. In
these conditions, the temperature at the stator’s copper reaches T = 120 °C. The power
plant should deliver into the national system, for nominal conditions of P, = 90 MW at
an intensity of stator electric current of I;, = 3300 A. Since the functioning temperature is
too high, the replacement of four spiral coolers with a lamellar solution of stator cooling is
recommended. In this solution, the temperature will decrease in the entire hydro-generator
by 5 °C and will increase the stator electric current maximum value at I = 2900 A,
representing P = 78 MW with Q = +15 Mvar or P = 75 MW with Q = +25 Mvar.

Additionally, the replacement of the present solution with flexible links between the
rotor poles with another solution that does not perturb the air penetration is recommended,
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especially in the first two channels of the stator radial ventilation. An improper solution of
stator fixation will produce dynamic oscillations between the positions of the rotation axes
and between the rotor of the turbine and generator. As a consequence, a supplementary
dynamic instability of the rotor will appear.

4.2. Hydro Generators from the Mariselu Power Plant

This generator presently operates at I, = 2450 A, power P = 65 MW and Q = +15 Mvar.
For these functioning conditions, the stator’s copper has a temperature of about T= 120 °C.
In proper functioning, at nominal parameters, the HG should generate P,, = 90 MW with
I, = 3300 A. During experimental measurements, it was observed that six spiral coolers
are partially damaged. Their replacement with a lamellar cooling system is recommended,
which will produce a decrease in the entire temperature in the generator of about 15 °C.
It will also allow the increase in the electric current intensity at a maximum value of
Linax= 2750 A, representing P = 75 MW with Q = +5 Mvar or P =70 MW with Q = 27 Mvar. It
was also mentioned that the stator core has zones with defects. Stator temperature should
be permanently monitored, because the cable insulation has zones with defects. In these
conditions, the stator’s core requires urgent rehabilitation. This will offer an opportunity
to implement a new solution to minimize the losses from the front part of the stator. As
proposed, the minimization of laminations from the frontal package is recommended. To
assure the same performances, the length of the stator iron should be maintained. In
the future, for a large hydro-aggregate, the frontal package of the laminates should be
thinner. In this way, the losses will surely be reduced. The air velocity increase in the frontal
channels does not represent a proper solution, because it is too difficult to be realized. Any
proposed solution in this direction has an uncertain outcome.

4.3. Hydro Generators from Mariselu Power Plant

Here, there is a special problem compared to the previous power plants. Generators
from the Sugag power plant did not reach the rated power even at their commission, due
to the structure of the stator’s copper which was massively undersized. Presently, the
generator operates at I, = 2150 A, which corresponds to a system with P = 59 MW with
Q =+5Muvar or P =50 MW and Q = + 30 Mvar. In this situation, the stator’s copper has
a temperature of about T = 120 °C, at a rated current I, = 3110 A, representing a special
situation. The HG does not reach the designed rated power, being highly overheated
in the frontal area. For this case, a complex rehabilitation of the generator is recom-
mended. The best solution is to replace the stator core with a new solution, with higher
split cross-sections.

5. Conclusions

Three hydroelectric power plants facing the same problem in operation, the stator
overheating, were considered in the present study. At each studied HPPs, even located
almost in the same area, with similar installed capacities and similar hydro generators,
the same problem was observed, the overheating of the stator core, but from different
conditions. This makes each power plant operate at other parameters than the rated ones,
with reduced yields. From the obtained results it was possible to draw several conclusions.

Conclusions Regarding the Measurements

For all three studied generators, the temperatures in the stator’s iron are higher by
about 30 °C, in reality, in the frontal area than in the central zone of the hydro-generator,
where the thermo-resistors are mounted. With them are monitored the currently operating
temperatures, so the registered data are permanently smaller than in reality. For this reason,
since the real temperatures reached during the operation were not properly recorded, they
have led to the wear of some elements from the stators’ structure.

Measurements proved that the air temperature in the air gap is about 10 °C higher
near the first two stator channels from the upper area than in the rest of the machine.
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Conclusions on the Performed Calculations

The results for the stator’s copper and iron temperatures were compared with the
performed measurements. The obtained differences are completely acceptable for all
three generators, below 3.2%.

From the calculation results that the stator copper heats up as much as the stator’s
iron, the difference from the front and the middle area is also about 30 °C.

The higher temperatures of the copper and stator’s teeth from the frontal area are not
only due to the higher air temperature in the air gap, but also due to the higher losses that
exist in the frontal lamination of metal packs. They have a higher volume compared to the
other metal packs.

The air temperature in the air gap is higher in the frontal zone due to the heat radiation
and convection on the stator teeth surface.

Finally, for these generators some causes have been determined that led to the
stators” overheating;:

-Higher losses in the front sheet metal packs.

-Reduced ventilation (different causes presented in the study) of the front packs.

-High air temperature in the air gap, higher than was expected from the current
operation, when the measurements were made completely improperly.

-The high temperature of cold air coming out of coolers.

In the Romanian construction of hydro-generators, the sheet metal packs in the front
stator area are longer than the rest sheets of metal packs, which make losses higher in this
area. If all sheets were equal, keeping the total length of the active stator iron, the losses
would be evenly distributed between the sheets, and those from the central area would
heat up by less than 2 °C.

It was analyzed what happens if the air velocity in the first two radial ventilation chan-
nels of the stator increases and the other velocities remain constant, equal to the measured
values. Even in the case of increasing the velocity to almost doubling of it, the decrease of
the stator copper temperature is insignificant. This method is not a valid solution.

Similar research should be done for the remaining seven HPPs considered in the
second analysis, confronted with similar problems, based on the elaborated mathemat-
ical model and experimental solutions adopted for testing. It is expected to obtain
an improvement of the functioning parameters, ensuring more adequate and secure
working conditions.
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