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Assist. Prof. Dr. Bülent Dağ
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ABSTRACT

OPTIMIZING THE REFURBISHMENT PROCESS OF OLD 44 MVA
HYDRO GENERATOR: A STUDY ON ALTERNATING WINDING TYPE

AND VIBRATIONAL BEHAVIOR

Yakut, Muhammet Samet

M.S., Department of Electrical and Electronics Engineering

Supervisor: Assoc. Prof. Dr. Ozan Keysan

December 2024, 105 pages

Refurbishing hydro generators extends their lifespan and improves their ef�ciency.

Aging machines often experience reduced reliability, lower ef�ciency, and frequent

breakdowns, leading to signi�cant economic challenges. The primary goals of re-

furbishment are to enhance cooling systems, upgrade materials, and improve perfor-

mance. Modifying the winding con�guration, although rare, can offer substantial

bene�ts but often requires changes to the slot number, adding complexity to the re-

design. Adjusting the slot number affects the slots per pole per phase ratio, which

can signi�cantly alter the machine's vibration characteristics. This study focuses on

the refurbishment of a 68–year–old hydro generator, originally built by Westinghouse

Electric Corporation in 1956 and equipped with lap windings. The proposed refur-

bishment replaces the lap windings with Roebel bars, necessitating a change in the

slot number. Three alternative designs–270, 300, and 324 slots—-are evaluated, with

one derived through multi-objective optimization, others through analytical design

approach. While all designs achieve similar ef�ciencies of 98.1–98.3%, their vibra-

tion characteristics differ due to low–order spatial force harmonics caused by frac-

tional slot windings. The 270 slot design exhibits dangerous vibration levels due
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to a 6th spatial harmonic close to the power frequency (100 Hz), raising mechani-

cal stability concerns. The 300–slot design, however, offers the best balance between

electromagnetic performance and vibration stability, making it the most viable option.

This study provides valuable guideline for hydro generator designers by demonstrat-

ing the importance of addressing both electromagnetic and vibrational performance

in refurbishment projects.

Keywords: Hydro generator, Refurbishment, Rewinding, Vibration
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ÖZ

ESK�I 44 MVA H �IDRO GENERATÖRÜN YEN �ILENMES �I SÜREC�IN �IN
OPT�IM �IZASYONU: SARGI T �IP�I DE �G�IŞT�IRME VE T �ITREŞ�IM

DAVRANIŞLARI ÜZER �INE B �IR ÇALIŞMA

Yakut, Muhammet Samet

Yüksek Lisans, Elektrik ve Elektronik Mühendisli�gi Bölümü

Tez Yöneticisi: Doç. Dr. Ozan Keysan

Aral�k 2024 , 105 sayfa

Hidro generatörlerin yenilenmesi kullan�m ömürlerini uzat�r ve verimliliklerini art�-

r�r. Eskiyen makineler genellikle daha az güvenilirlik, daha düşük verimlilik ve s�k

s�k ar�za yaşar ve bu da önemli ekonomik zorluklara yol açar. Yenilemenin birincil

hede�eri so�gutma sistemlerini geliştirmek, malzemeleri yükseltmek ve performans�

art�rmakt�r. Sarg� kon�gürasyonunun de�giştirilmesi nadiren de olsa önemli faydalar

sa�glayabilir, ancak genellikle slot say�s�nda de�gişiklik yap�lmas�n� gerektirir ve bu

da yeniden tasar�ma karmaş�kl�k katar. Slot say�s�n�n ayarlanmas�, faz baş�na kutup

baş�na slot oran�n� etkiler ve bu da makinenin titreşim özelliklerini önemli ölçüde

de�giştirebilir. Bu çal�şma, ilk olarak 1956 y�l�nda Westinghouse Electric Corporation

taraf�ndan inşa edilen ve kapal� tip sarg�larla donat�lm�ş 68 y�ll�k bir hidro generatörün

yenilenmesine odaklanmaktad�r. Önerilen yenileme, kapal� tip sarg�lar�n Roebel sar-

g�lar�yla de�giştirerek slot say�s�nda bir de�gişiklik yap�lmas�n� gerektirmektedir. Üç al-

ternatif tasar�m – 270, 300 ve 324 slot– de�gerlendirilmiştir; bunlardan biri çok amaçl�

optimizasyon, ikisi ise analitik tasar�m yaklaş�m� ile elde edilmiştir. Tüm tasar�mlar
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%98.1-98.3 aras�nda benzer verimlilikler elde ederken, kesirli slot sarg�lar�n�n neden

oldu�gu düşük dereceli uzaysal kuvvet harmonikleri nedeniyle titreşim özellikleri fark-

l�l�k göstermektedir. 270 slotlu tasar�m, güç frekans�na (100 Hz) yak�n bir6: uzaysal

harmonik nedeniyle tehlikeli titreşim seviyeleri sergilemekte ve mekanik stabilite en-

dişelerini art�rmaktad�r. Bununla birlikte 300 slotlu tasar�m, elektromanyetik perfor-

mans ve titreşim kararl�l��g� aras�nda en iyi dengeyi sunarak en uygun seçenek haline

gelmektedir. Bu çal�şma, yenileme projelerinde hem elektromanyetik hem de titreşim

performans�n�n ele al�nmas�n�n önemini göstererek hidro generatör tasar�mc�lar� için

k�lavuz görevi görmektedir.

Anahtar Kelimeler: Hidro generatör, Yenileme, Geri sarma, Titreşim
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CHAPTER 1

INTRODUCTION TO HYDRO ELECTRICITY

Hydropower plants (HPPs) convert the potential energy of water into electrical en-

ergy. Water stored in a dam is directed to the turbine through a pipe system known

as a penstock. As the water moves through the pipes and turbine, its potential en-

ergy is converted into kinetic energy. The rotation of the turbine drives the shaft and,

consequently, the rotor. The rotating magnetic �eld generated by the rotor induces

the required voltage in the stator windings, thereby generating electricity. As the

name suggests, a hydrogenerator refers to the rotor and stator assemblies used in this

process. The overall con�guration of a typical HPP is illustrated in Figure 1.1.

Figure 1.1: Illustration of a typical hydropower plant, adapted from [1].

Hydropower is the world's largest source of renewable energy, surpassing the com-

bined output of other renewable sources [2, 3, 4]. It is projected to remain the domi-
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Figure 1.2: World's annual renewable energy sharing by years, adapted from [2].

nant renewable energy source until 2028. Consequently, hydropower plays an impor-

tant role in decarbonizing the power system [3].

A key advantage of hydropower plants is their ability to serve as a dispatchable energy

source. In other words, HPPs can provide backup support to other variable renewable

energies, such as wind and solar. While solar and wind energy are expected to exceed

hydropower in total capacity, hydropower will continue to play a signi�cant role in

the energy mix [3]. Figure 1.2 illustrates the total energy generated by the renewable

energy resources. It is evident from Figure 1.2 that hydropower continues to play a

crucial role among clean energy resources.

1.1 Hydro Power in Turkey

In Turkey, feasibility analyses and construction of hydroelectric power plants (HPPs)

began in the early 20th century. The country's �rst hydroelectric power plant, the

Tarsus Dam, with an installed capacity of 60 kW, commenced operations in 1902.

Following feasibility studies in the 1920s and 1930s, the State Hydraulic Works (DS�I)
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was established. Subsequently, Turkey began constructing its �rst large–scale HPPs,

Seyhan and Sar�yar, in 1956, with installed capacities of 59 MW and 160 MW, re-

spectively.

This initial progress marked a signi�cant increase in HPP investments, with installed

capacity growing at an average rate of 10% per year between 1970 and 2020 [5].

During the latter half of the 20th century, Turkey's three largest HPPs—-Atatürk,

Karakaya, and Keban—-began operations.

Figure 1.3 illustrates hydroelectric power stations in Turkey, organized by their com-

missioning dates and installed capacities. In the �gure, both the horizontal axis and

the size of the bubbles represent the installed power. Lateral lines indicate the age

of the generators. The interested generator is located in Sar�yar HES(4x40 MW).

The top three largest hydro–power stations, Ataturk HES, Karakaya HES, and Keban

HES are also indicated in the graph. Of Turkey's total installed capacity of 24.35 GW,

HPPs with over 60 years of operation contribute approximately 2%, while those with

over 40 years account for 12.4% [6].

Figure 1.3: Hydro–power station installations over years in Turkey, adapted from [6].

As of the end of 2021, hydroelectric power plants accounted for 21.5% of electricity

generation in Turkey [7]. The installed capacity of hydroelectric power is projected

to reach 35.1 GW by 2035, allowing it to retain a substantial role in the energy mix

despite the expansion of other renewable energy sources.
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1.2 Research Motivation

The operational half–life of hydro generators typically ranges between 30 and 60

years, depending on the robustness of the original design and the operational stresses

encountered throughout their service life. The generator's half–life is marked by the

signi�cant degradation or complete failure of one or more active electrical compo-

nents. As a result, faults in hydro generators often increase notably after the �rst

half–life. This period commonly represents the optimal time to undertake upgrades

and capacity enhancements, as well as comprehensive refurbishment, to extend the

generator's functional life for a “second half-life” [8].

As illustrated in Figure 1.3, approximately 31.9% of Turkey's hydroelectric power

plants have reached their operational half–life [6]. Furthermore, the Ministry of En-

ergy and Natural Resources indicates that Turkey is nearing its maximum hydroelec-

tric capacity [7]. With both a signi�cant number of HPPs reaching their half–life and

the nation nearing its hydroelectric capacity, a strategic approach is needed to en-

sure the continued safe operation of HPPs and grid reliability. Upgrading or uprating

hydro generators provides a cost–effective means to address these issues [8].

An upgrade to a hydro generator involves refurbishing the equipment without increas-

ing output power, whereas an uprate includes both refurbishment and an increase in

output power. Given that older hydro generators were often conservatively designed

due to historical material limitations, power output increases of up to 25% are feasi-

ble [8]. However, increased output may necessitate upgrades to the switchyard and

new licensing for the elevated power levels.

Generator refurbishment is time–intensive and may extend beyond a year. Consid-

ering the generator's downtime and lost energy generation, associated costs can be

signi�cant. Therefore, refurbishment processes should be streamlined to minimize

downtime, ideally by replacing only essential components to expedite completion.

A further consideration is that generator size is often constrained by the existing con-

crete base constructed as part of the dam. Enlarging the generator would usually

entail additional construction, which is often undesirable for operators due to sub-

stantial cost implications. Additionally, the maximum achievable power output is
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constrained by the dam height, pipe capacity, and turbine design, limiting potential

power increases during refurbishment.

Refurbishment efforts must also account for mechanical aspects to ensure long–term

reliability. Altering the winding type of a hydro generator during refurbishment typ-

ically necessitates modi�cations to the slot number, which subsequently impacts the

machine's vibrational characteristics due to changes in the spatial harmonic distri-

bution of the airgap magnetic �eld [9]. Consequently, vibrational analysis becomes

essential in such refurbishment projects. Where necessary, enhancements to struc-

tural components, such as the generator's frame, may be required to ensure extended

operational life. As a result, most refurbishment processes presented in the literature

generally avoid changes to the winding type [8].

Given these factors, the refurbishment of Turkey's hydro generators is essential, both

due to the age of the installed �eet and the cost–effective capacity gains achievable

through refurbishment. This study focuses on the refurbishment of an aged hydro gen-

erator located in Sar�yar, Ankara, speci�cally addressing a change in winding type.

It proposes a systematic methodology for the refurbishment process, with particular

emphasis on the vibrational behavior of the machine.

1.3 Outline of Thesis

Chapter 2 introduces the fundamental principles of electrically excited synchronous

machines (EESMs), providing an overview of the main EESM topologies and their

role in energy generation. This chapter also explains why EESMs are well–suited

for applications in hydroelectric generation, where control over reactive power and

voltage regulation are essential. Additionally, it covers hydro generators, detailing

their components and structural con�guration.

Chapter 3 focuses on the analytical modeling of the existing generator, with the pur-

pose of understanding its current operational characteristics, identifying opportunities

for ef�ciency optimization, and calculating characteristic parameters that inform de-

sign constraints. This chapter includes calculations of the machine's loadings, loss

distributions, and ef�ciency, as well as an in-depth examination of characteristic re-
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actances and time constants. The origins of alternating current (AC) copper losses

and their calculation methods are also discussed.

Chapter 4 details the analytical optimization process using the non–dominated sorting

genetic algorithm II (NSGA–II). The NSGA–II optimization method is employed to

evaluate design trade–offs and prioritize candidate con�gurations that best balance

output power, ef�ciency, and durability within the speci�ed constraints. Generator

sizing based on these limitations, along with the winding schematic, is addressed.

Candidate designs are evaluated and presented.

Chapter 5 covers �nite element method (FEM) and modelling including the valida-

tion of the analytical model through comparison with �nite element analysis (FEA)

results. The FEA results serve to provide critical insights into the generator's real–

world performance, particularly in terms of magnetic �ux density (B) distribution

within the airgap and vibrational response. This chapter also evaluates the vibrational

characteristics of the generator based on FEA results.
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CHAPTER 2

UNDERSTANDING HYDRO GENERATORS

A typical electrical machine consists of two primary components: the stator and the

rotor. Based on their stator and rotor designs, and operating principles, electrical

machines can be classi�ed into several types, including synchronous reluctance ma-

chines, permanent magnet machines, and electrically excited synchronous machines

(EESMs). A hydro generator is a notable example of an EESM. To fully comprehend

the operation of a hydro generator, it is essential to �rst understand the principles

governing EESMs. This foundational knowledge allows for a more in–depth analysis

of hydro generators and their performance.

2.1 Electrically Excited Synchronous Machines

Electrically excited synchronous machines (EESMs) are a class of electrical machines

in which the magnetic �eld is generated by an externally supplied direct current (DC).

A cross–sectional view of an EESM is presented in Figure 2.1. Electrical excitation

is applied to the �eld windings around the rotor, and the combination of rotor rotation

with the DC excitation produces a rotating magnetomotive force (MMF) within the

airgap. This MMF induces a voltage in the stator windings, enabling energy conver-

sion within the machine.

EESMs are widely favored in industrial applications due to their capacity for precise

control over reactive power and voltage regulation, unlike permanent magnet ma-

chines. This ability to modulate excitation current makes them highly suitable for

applications where constant speed under varying load conditions is essential. Fur-

thermore, these machines offer �exible control over reactive power compensation,
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Figure 2.1: Basic representation of and EESM, adapted from [10].

making them integral in stabilizing power grids and regulating voltage pro�les.

The stator of an EESM is typically composed of three–phase windings connected

to an alternating current (AC) source. When the rotor's magnetic �eld rotates in syn-

chrony with the stator's rotating magnetic �eld, the machine makes energy conversion–

either mechanical to electrical or electrical to mechanical energy. The speed of this

rotation is directly proportional to the frequency of the stator voltage and inversely

proportional with the number of poles.

Electrically excited synchronous machines (EESMs) are classi�ed into two main cat-

egories based on rotor pole con�guration: cylindrical rotor and salient–pole rotor ma-

chines, which are shown in Figure 2.2. In cylindrical rotor EESMs, the rotor surface

is smooth, with poles distributed evenly along the rotor's circumference, allowing

for high–speed operation with minimal windage losses, making them suitable for ap-

plications such as steam turbine generators. In contrast, salient–pole rotor EESMs

have poles that extend outward from the rotor, making them suitable for lower–speed

applications, such as hydroelectric generators, where high torque is prioritized over

speed.

Torque in synchronous machines can be written as:

T =
1
2

I �
t
dL
d�

I (2.1)
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whereL is the inductance matrix, andI is the current matrix. The inductance matrix is

composed of both self and mutual inductances of the phases (L andM ). In cylindrical

rotor EESMs, the airgap is constant, which results in constant inductance with respect

to position
�

dL
d� = 0

�
. On the other hand, airgap is varying due to rotor pole geometry

in salient–pole EESMs, thus inductance is also changing with respect to position
�

dL
d� 6= 0

�
. Therefore, in cylindrical rotor EESMs, there is only synchronous torque

�
torque due to dM

d� term
�
. As a result, utilizing both reluctance and synchronous

torque enables the salient–pole machines to have higher torque density.

Figure 2.2: Salient–pole rotor EESM (a) and cylindirical rotor EESM (b).

A standard approach to analyze an electrically excited synchronous machine (EESM)

involves the use of its per–phase equivalent circuit, as shown in Figure 2.3. In this

Figure 2.3: Equivalent circuit of a typical electrically excited synchronous machine.
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�gure, the left–side circuit represents the �eld circuit, while the right–side circuit de-

picts the stator (armature) circuit. Here,VF denotes the applied DC �eld voltage,RF

the equivalent resistance of the �eld circuit,LF the inductance of the �eld windings,

andI F the DC �eld current. For the stator circuit,E f represents the induced voltage

within the stator windings, and it is proportional with theI F , if saturation is ignored.

X S is the synchronous armature reactance,RA denotes the armature resistance,I A is

the armature current, andV is the terminal voltage of the stator.

To facilitate the analysis of the equivalent circuit, phasor diagrams are commonly

employed. By converting the alternating current (AC) components into the phasor

domain, the time dependency of the analysis is removed, allowing for a simpli�ed

approach using vectors. For illustrative purposes, an example phasor diagram is pro-

vided in Figure 2.4. In Figure 2.4,� is de�ned as load angle, and� is the power

Figure 2.4: Phasor diagram of a cylindrical rotor electrically excited synchronous

machine.

factor angle. Mathematically expressing the phasor diagram yields:

~E f = ~Vt � ~I a(Ra + jX s) (2.2)

Electrically excited synchronous machines (EESMs) can function as both a gener-

ator and a motor, depending on the phase angle between the induced voltage and

the terminal voltage. When the induced voltage leads the terminal voltage, the ma-

chine operates in generator mode; conversely, if it lags, the machine operates in motor

mode.
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The machine is termed over–excited if the magnitude of the induced voltage exceeds

the terminal voltage, whereas it is under–excited when the induced voltage is lower.

This excitation level determines the direction of reactive power �ow: reactive power

�ows from the over–excited side to the under–excited side. The various operating

modes of an EESM are illustrated in Figure 2.5.

Figure 2.5: Phasor diagrams illustrating various operating modes of Electrically Ex-

cited Synchronous Machines (EESMs).

As illustrated in Figure 2.5, an over–excited machine supplies reactive power to the

electrical system, while an under–excited machine absorbs reactive power from it.

A notable application of Electrically Excited Synchronous Machines (EESMs) is in

synchronous condensers, which are no-load synchronous machines used exclusively

for reactive power compensation and grid voltage regulation. These condensers can

operate in either over–excited or under–excited modes, depending on the required

direction of reactive power �ow to support system stability [11].

In addition to synchronous condensers, synchronous generators commonly operate in

an over–excited mode to support voltage regulation and enhance grid stability. By

providing or absorbing reactive power as needed, both synchronous condensers and

generators play essential roles in maintaining voltage levels and stabilizing electrical

networks.
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Hydro generators serve as a prime example of Electrically Excited Synchronous Ma-

chines (EESMs) that play a critical role in maintaining grid stability. As previously

noted, their rapid start–up and synchronization capabilities make hydro generators

highly suitable as dispatchable energy resources. This responsiveness enables hydro

generators to effectively support grid stability, offering quick adjustments to balance

supply and demand in real time. Therefore, a thorough understanding of hydro gen-

erators and the ongoing maintenance of their operation are essential for ensuring grid

stability and reliability.

2.2 Main Structure of Hydro Generators

As in the case of an EESM, hydro generator consists of two primary components:

rotor and stator. The rotor is typically constructed using the magnetic core and the

conductors wound around the salient–poles, which can be seen in Figure 2.6. The

Figure 2.6: Rotor assembly of a hydro generator, adapted from [12].

rotor body and poles are made from magnetic material to guide and enhance the mag-

netic �eld. When direct current (DC) is applied to the pole windings, the rotational

motion of the rotor generates a rotating magnetic �eld.

For voltage generation, the only remaining requirement is to place conductors within

the varying magnetic �eld, which is the role of the stator. The stator, like the rotor,

is constructed with a magnetic core and windings (see Figure 2.7). The windings
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Figure 2.7: Stator assembly of a hydro generator, adapted from [13].

are housed in slots punched into the core, while the magnetic core itself ampli�es the

magnetic �eld within the air gap between the rotor and stator.

2.2.1 Stator Assembly

As previously discussed, stator is responsible for inducing necessary voltage with

the help of rotating magnetic �eld. The stator is constructed with magnetic material,

which is called core, and the windings are made up of copper.

The stator core is housed within the stator frame, which provides structural support

against the forces acting on the core. Additionally, the stator frame bears the entire

weight of the stator assembly [14]. The housing of the stator core is utilized via

keybars placed in outer periphery of the stator core and welded to the stator frame.

The generator's cooling units are also mounted on the outer perimeter of the stator

frame [12].

To minimize eddy current losses caused by the varying magnetic �eld, the stator core

is made from thinly laminated electrical steel (see Figure 2.8). These laminations

are typically cut from silicon steel sheets using either punch presses or laser cutting

techniques. Thickness of silicon steel sheets typically range between 0.35 mm to
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