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Problem Description 

 

This master’s thesis examines stability problems related to a synchronous generator 

connected to a rectifier. This kind of power systems has been addressed with instability 

problems in different papers and reports but the cause of this instability is not well explained. 

Unstable operation in a diesel-electric propulsion system on a tugboat is the reason why this 

problem is examined at NTNU. The diesel-electric system in question is loaded through a 

diode-bridge rectifier and instability is observed in the system during normal operation. The 

present thesis constitutes a continuation of a master’s thesis (2015) and two specialization 

projects (2014, 2015) at NTNU.  

 

The scope of work for the master’s thesis is: 

 Study the literature related to these kinds of instability problems. 

 Establish models for the unstable system in proper simulation tool. 

 Further investigate the instability problem of the system. 

 Analyze how the damping of the generators influences the observed instability. 

 Analyze the influence of the type and control of the rectifier. 

 If time permits, investigate whether introduction of a PSS might contribute to 

enhanced system damping or not. 

 

The results should yield a conclusion to why the instability problem arises in the system and 

how it is possible to make the system stable during operation. 

 

 

Project time-period: January-June 2016 

Supervisor: Trond Toftevaag 
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Abstract 

 

This master’s thesis constitutes a continuation of a master’s thesis (2015) and two 

specialization projects (2014, 2015) at NTNU. The basis for the work presented in this thesis is 

an islanded power system onboard a tug-boat. This is a power system where the load is 

supplied through a rectifier / inverter. This design is used in order to allow the diesel engine 

in the system operate at an optimum speed at any given time. The power system is 

experienced to be unstable during normal operation. The instability is reflected in oscillations 

in the output power, voltages and speed. The cause of the instability is not yet found and the 

literature regarding these kinds of problems does not yield any defined answers to why 

instability occurs in such systems.  

The thesis presents two models, one in PSCAD and one in DigSILENT Powerfactory. Both 

models are able to recreate the instability problem. Based on literature and previous work, it 

is believed that the oscillations can be related to a poorly damped synchronous generator. 

Investigation of the inertia constant of the synchronous generator supports this theory. It is 

further tried to enhance the damping by installing an additional damper winding on the rotor 

which also yields a positive result. Based on these findings is it plausible to connect the cause 

of the instability problem to the synchronous generator and its poorly damping. 

The constant switching caused by the diode rectifier in the system is observed to be a factor 

that might contribute to amplify the instability problem. The synchronous generator is 

operating in the transient state due to these small disturbances by the rectifier. This theory is 

also supported by literature found about the problem. It was tested to change the rectifier 

from a diode rectifier to a thyristor rectifier, this was found to not enhance the stability of the 

system. By reducing the DC voltage at the DC terminal of the thyristor rectifier in addition to 

reduce the gain of the AVR is it possible to make the system stable. 

A PSS is also introduced to the system in an attempt to provide an additional damping torque 

to the synchronous generator during this transient state of operation. The result of these 

simulations has not provided any satisfactory result. Whether this is because of poorly chosen 

parameters of the PSS or because of other factors is not known. The time did not allow for any 

further investigation of this solution.  
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Sammendrag 

 

Denne masteroppgaven er en videreføring av en masteroppgave (2015) og to 

fordypningsprosjekter (2014, 2015) ved NTNU. Grunnlaget for arbeidet som presenteres i 

denne avhandlingen er et isolert kraftsystem ombord i en slepebåt. Dette er et kraftsystem 

hvor lasten blir forsynt gjennom en likeretter/vekselretter. Grunnen for denne designen av 

systemet er for å kunne la dieselmotoren i systemet operere på et optimalt turtall på ethvert 

tidspunkt. Kraftsystemet oppleves å være ustabilt under normal drift. Ustabiliteten er 

reflektert i svingninger i den aktive effekten, spenningen og hastigheten til 

synkrongeneratoren. Årsaken til ustabilitet er ennå ikke funnet, og litteraturen som 

omhandler denne typen problemer gir ikke noen definerte gode svar på hvorfor ustabilitet er 

observert i denne typen kraftsystemer. 

Avhandlingen presenterer to modeller, en i PSCAD og en i DigSILENT Powerfactory. Begge 

modellene er i stand til å gjenskape den observerte ustabiliteten som er funnet i systemet. 

Basert på litteraturen som er funnet og tidligere arbeid er det antatt at svingningene kan være 

relatert til en dårlig dempet synkrongenerator. Undersøkelse av treghetskonstanten til 

synkrongeneratoren understøtter denne teorien. Det er videre forsøkt å forbedre 

dempningen ved å installere en dempervikling på rotoren til synkrongeneratoren. Dette gir 

også et positivt resultat for å forbedre stabiliteten i systemet. Basert på disse funnene er det 

sannsynlig å koble årsaken til ustabilitetsproblemet til synkrongeneratoren og dens dårlige 

demping. 

 

Den stadige forstyrrelsen i systemet på grunn av diodelikeretteren er observert å være en 

faktor som kan bidra til å forsterke stabilitetsproblemet. Synkrongeneratoren observeres å 

operere i en transient driftstilstand på grunn av disse små forstyrrelser fra likeretteren. Denne 

teorien støttes også av litteratur funnet om problemet. Det utført simuleringer av stabiliteten 

ved å skifte likeretteren fra en diodelikeretter til en tyristorlikeretter basert på observert 

forbedring av stabiliteten ombord på Slepebåten. Simuleringene viser at å kun skifte likeretter 

forbedrer ikke stabiliteten i systemet. Ved å redusere DC-spenning på DC-terminalen av 

tyristorlikeretteren i tillegg til å redusere forsterkningen i spenningsregulatoren er det mulig 

å gjøre systemet permanent stabilt. 

En dempetilsats er også testet på systemet i et forsøk på å gi en ekstra demping til 

synkrongeneratoren i løpet av den transiente driftstilstanden. Resultatet av disse 

simuleringene har ikke gitt noen tilfredsstillende resultat. Hvorvidt dette er på grunn av dårlig 

valgte parametere av dempetilsatsen eller på grunn av andre faktorer er ikke kjent. Tiden tillot 

ikke videre undersøkelser av denne løsningen. 
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1 
 

1 Introduction 
 

1.1 Objective 

 

The main objective for the work undertaken in this master’s thesis is to understand why power systems 

with a synchronous generator where the load is connected via a rectifier seem to be more likely to 

become unstable. The problem is addressed in some literature but a defined answer to why this 

phenomenon with instability in such systems is observed is not found. 

 

1.2 Scope of Work 

 

 Study the literature related to these kinds of instability problems. 

 Establish models for the unstable system in a proper simulation tool. 

 Further investigate the instability problem of the system. 

 Analyze how the damping of the generators influences the observed instability. 

 Analyze the influence of the type and control of the rectifier. 

 If time permits, investigate whether introduction of a PSS might contribute to 

enhanced system damping or not. 

 

The results should yield a conclusion to why the instability problem arises in the system and 

how it is possible to make the system stable during operation. 

 

 

1.3 Limitations 

 

The real-life system onboard the tugboat where the instability problem is observed is quite 

large and extensive. The cause of the problem is believed to be related to the interaction 

between the synchronous generator and the rectifier based on literature and tests conducted 

on the tugboat. During modelling of the system in this master’s thesis only these main 

components of the system in question is considered. This means that this thesis will try to find 

the solution to the instability problem on the tugboat through a simplified model rather than 

model the whole electric system for the tugboat. 
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1.4 Simplifications and Assumptions 

 

During the modelling of the power system in question some simplifications and assumptions 

are made: 

 In both simulation models, all components are assumed ideal, hence no losses. 

 The simulation models are simplified compared to the real-life system and only the 

main components are included in the simulation models. 

 The loads are connected directly to the DC-bus and the inverters are therefore not 

considered in this study. 

 In the simulations where the battery is considered, it is modelled as a small resistance 

in series with a large capacitor. 

 The diesel engine in the real-life system has the opportunity to operate on different 

speeds according to various load profiles on the tugboat. This means that the 

frequency of the synchronous generators can vary. In the simulation models all the 

generators are operating on a fixed frequency. 

 The effect of the harmonic components created by the rectifiers is not taken in to 

account during this study. 

 

1.5 Software 

 

Two different simulation softwares are used in this master’s thesis. The first one is “Power 

System Computer Aided Design”, normally abbreviated to PSCAD which is a time-domain 

simulation tool. PSCAD has a large library of components and systems can easily be built up 

from scratch. This gives an opportunity to examine the power system in question on a very 

detailed level. The other simulation tool, DIgSILENT PowerFactory, is a more component-

based simulation tool where larger power systems is easier to be examined. It also has some 

more functions to observe the stability aspect of the simulation model, like eigenvalue 

analysis.  

Matlab is used for root locus plots and this master’s thesis is written in Microsoft Word.  
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1.6 Report Structure 

 

Chapter 2 presents the system which is under study, the instability problem observed in the 

system and a summary of the tests that is conducted of the system by the company that 

delivered the automatic voltage regulator. 

Chapter 3 presents summaries of the previous work at NTNU in relation to the problem under 

consideration. 

Chapter 4 consists of the basic theory of the components used in the models. This is underlying 

theory to understand how the components work alone and together. 

Chapter 5 is a section dedicated to the theory of instability in islanded systems with generators 

and rectifiers. 

Chapter 6 presents the PSCAD model and the simulations related to: 

 Stability with/without battery 

 Increase of the inertia constant 

 Extra damper windings 

 Changing the synchronous generators internal parameters 

Chapter 7 presents the DigSILENT Powerfactory model and eigenvalue analysis of the 

following aspects 

 The initial state of the synchronous generator. 

 Different load situations. 

 Impact of the AVR gain. 

 Impact of the rectifier type. 

 Effect of a PSS added to the system. 

Chapter 8 is a discussion section for the results of the simulations. 

Chapter 9 consists of a conclusion and recommendations. 
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2 System Description 
 

2.1 System topology 

 

The system where the problem disussed in this master’s thesis was discovered is a power 

system onboard a tugboat. Two designs of the system with different ratings of the 

synchronous generators is used on these types of tugboats. One is operated with synchronous 

generators with a rated capacity of 1940 kVA and others with synchronous generators with a 

rated capacity of 3333 kVA. Common to both systems is that there is experienced instability 

during normal operation. 

This is a variable speed diesel-electric power system. The variable speed gives the system the 

ability to operate at an optimal speed for the diesel engine at all time. The postive sides to 

having a system with variable speed is that the fuel consumption is reduced and hence, the 

emittion of greenhouse gases is reduced. 

The one-line diagram for the design of the diesel-electric system is shown in Figure 1. 

 

Figure 1: One-line diagram of the diesel-electric system [1] 

The prime movers in the system is diesel engines. These are named diesel 1, 2, 3 and 4 in the 

one-line diagram. The synchronous generators driven by the diesel engines are connected to 

6-pulse diode rectifiers which is rectifying the voltage. The following DC-bridge behind the 

rectifier named DC main A and DC main B in the one-line diagram has batteries connected to 
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give the system the ability to receive power during short high-demand loads. The batteries 

also serve as a redundancy security if the system should lose power for a short time. At the 

end of the DC-bridge an inverter converts the voltage back to a desired amplitude and 

frequency demanded by the connected loads. 

 

2.2 Problem 

 

The stability problem observed in the system is standing oscillations in the output power, 

currents and voltages of the synchronous generator. The system therefore has an undesirable 

operation where the instability is best observed by oscillations in the power supplying the 

thrusters and other critical loads of the tug-boat. All the instable parameters that is mentioned 

oscillates around the frequency of 2 Hz and is detected during normal operation. The cause of 

the instability problem is not detected, but measurements have confirmed the instability 

problem. The synchronous generators in question has got internal synchronous reactances 

that are quite large compared to more “normal” values found in other synchronous 

generators. This is an intentional design to prevent large short-circuit currents from flowing in 

the system which may cause severe damage to delicate components like the rectifiers and 

inverters. The large values of the internal synchronous reactances has been mentioned as a 

possible cause of the observed instability problem [2], in addition to the rectifier, which may 

also be a contributory factor to the instability. 

 

2.3 Measurements 

 

The supplier of the automatic voltage regulator (AVR) to the synchronous generators has 

conducted some tests when the instability problem was discovered in August 2014 [3]. The 

tests were taken at the shipyard where the tug-boats were built. The tests are mainly based 

on the AVR’s influence on the system instability. During the discussion and presentation of the 

results from the tests in this chapter, the 1940 kVA synchronous generator will be named G1 

and the 3333 kVA synchronous generator will be named G2. 

During the test, G1 and G2 were working in parallel with a test load of about 0.5 MW. The 

battery at the DC-link was not connected during the test. The droop of the generator was set 

to 10 % and the generator was running at a fixed frequency. The initial PID settings on the AVR 

were believed to be good enough by the company that delivered the AVR and were used 

throughout the tests [3]. 

During the test the sensing voltage transformer (VT) was connected between phase B-C and 

the voltage ratio of the VT is 690/110 V. The sensing current transformer was connected on 



 

6 
 

phase B on both of the synchronous generators and the current ratio on the primary side was 

1800/1A [3] [1]. 

The engine is set to run at a speed of 750 RPM and the two generators are supplying the test 

load of 0.5 MW. The gain of the AVR in this situation is set to Kg = 40.  The results are shown 

in Figure 2 and show the RMS voltage measured by the voltage transformer, the current 

measured by the current transformer and the direct voltage measured over the exciter. 

 

Figure 2: Measurements of the RMS voltage, current and the excitation voltage at engine speed = 750 RPM and AVR gain = 
40 for the 1940 kVA synchronous generator (G1) and the 3333 kVA synchronous generator (G2) [3]. 

Based on the information about the measuring equipment and the measurements presented 

in the graph can the amplitude of the oscillations be identified. The current of G1 has an 

amplitude of 3.6A and oscillates around a value of 225A. The current of the G2 has an 

amplitude of 7.2A and oscillates around value of 144A. The exciter voltage is measured directly 

where G1 oscillates around a value of 3.4V with an amplitude of 0.75V and the G2 oscillates 

around a value of 4.6V with an amplitude of 0.6V. 

The frequency of the oscillations in the different measured parameters seems to be the same, 

about 2.5 Hz. It can also be noticed a difference between the two generators, as the amplitude 

of the oscillations in the voltage is higher for G1 than for G2. The amplitude of the current is 

larger for G2 than for G1. The amplitude of the exciter voltage is almost the same. 
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The gain for the AVR is reduced to 1 and the tests are performed again. The results are 

presented in Figure 3. 

 

Figure 3: Measurements of the RMS voltage, current and the excitation voltage at engine speed = 750 RPM and AVR gain = 1 
for the 1940 kVA synchronous generator (G1) and the 3333 kVA synchronous generator (G2) [3]. 

The magnitude of the oscillations seems to be somewhat the same as for the situation with 

the AVR gain set to 40 presented in Figure 2. The main difference is that the frequency of the 

oscillations is reduced to 1.756 Hz [3]. 
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The speed of the engines is increased to 1000 RPM and the tests for the gain of the AVR’s are 

done again.  

 

Figure 4: Measurements of the RMS voltage, current and the excitation voltage at engine speed = 1000 RPM and AVR gain = 
40 for the 1940 kVA synchronous generator (G1) and the 3333 kVA synchronous generator (G2) [3]. 

 

The oscillations are now 2.68 Hz and the oscillations have therefore increased when the speed 

of the engines was increased. The amplitude of the current in G1 is oscillating around 216A 

with an amplitude of 5.4A and G2 is oscillating around 144A with an amplitude of 10.8A. The 

exciter voltage of G1 is oscillating around 2.5V with an amplitude of 2V and the exciter voltage 

of G1 is oscillating around 2.5V with an amplitude of 1V. 

The frequency of the oscillations has increased when the speed of the engine is increased and 

the amplitude of the oscillations has also increased. 

The test for the AVR gain is tested for 5 values between 1 and 40 and presented in Table 1 

Table 1: AVR gain test results [3] 
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From the tests it can seem like the frequency of the oscillations can be decreased by 

decreasing the AVR gain but the amplitude of the oscillations seems to remain quite close to 

the same value. Decreasing the AVR gain to one is not desirable due to the fact that you want 

the AVR to react to load changes fast. 

Another test is described in [3] where the AVR is disconnected and the field winding of the 

synchronous generator is supplied by two voltage sources (fixed field current). The tests 

yielded the same results with the same instability problem. 
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3 Summary of previous work at NTNU 
 

The problem under study in this master’s thesis has been analyzed in different projects at 

NTNU during the last couple of years. Short summaries from the projects is presented to give 

an introduction to the work that has already been done and to give the reader a broader 

understanding of the problem discussed in this thesis. 

 

3.1 Specialization project (2015) 

 

The specialization project at NTNU in 2015 [4] presented two new models in PSCAD to study 

the observed instability problem for the most instable 1940 kVA synchronous generator. 

There were some indications that the real-life system was observed to be stable when the 

rectifier type was changed from a standard diode rectifier with no possibility to control the 

output voltage, to a thyristor rectifier with a limited possibility to control the output voltage. 

The first model was operating with a diode rectifier and the other one with a thyristor rectifier 

in order to see if the system became stable with a different rectifier type. A simple model for 

the battery at the DC-link with a small resistance in series with a large capacitance was used 

during the simulations in the specialization project. 

The simulations yielded a result were the instability happened at almost every load levels 

between 0 MW and 1.9 MW with increasing frequency of the oscillations and decreasing 

amplitude of the oscillations when the load was increased.  However, the system was 

observed to be stable very close to the rated capacity of the synchronous generator of 1.94 

MW. 

The simulations indicated that the rectifier type had no direct influence on the stability 

problem. Oscillations was observed in the output power, speed and exciter voltage of the 

synchronous generator and in the voltages at both sides of the rectifier. The only significant 

change in the oscillations was found to be a little decrease in the amplitude of the oscillations. 

Based on [5], a solution to instability problems in power systems where a synchronous 

generator is operating together with a rectifier is presented. The solution is to increase the 

damping of the synchronous generator by installing a short-circuited q-axis damper winding 

on the rotor and by increasing the resistance in the q-axis of the rotor. This was also the 

conclusion of the master’s thesis from 2015 [2]. 

It is however brought into question how applicable this solution is to an already existing 

system since it basically would mean to change the rotor of the instable 1940 kVA synchronous 

generator. 
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3.2 Specialization project (2014) 

 

The specialization project undertaken in 2014 by Torunn Husevåg Helland [1] analysed the 

stability problem with a model in DIgSILENT PowerFactory. The system was simulated both 

with and without a rectifier for different types of disturbances. Stability analysis during 

disturbances, load ramping and torque variations was tested. In addition, the stability impact 

of the voltage regulator (AVR) was studied. 

The main findings were that the consumption of reactive power, high values of the 

linearization constant K5 in the AVR and high values of the internal synchronous reactances 

faster leads to instability. The introduction of a rectifier did not lead to instability in this study. 

 

3.3 Master’s thesis (2015) 

 

The master’s thesis from 2015 by Torunn Husevåg Helland [2] was a continuation of the work 

in the specialization project by the same person from 2014 [1].  

A MatLab/Simulink model was the basis for the work in the thesis. It was a simplified model 

which just studied the interaction between the instable synchronous generators and a diode-

bridge rectifier with a battery connected at the DC side of the diode rectifier. An extensive 

sensitivity analysis of every parameter of the components in the simulation model was 

undertaken to observe where and at what time the instability occurred.  

The introduction of the diode-bridge rectifier is found to be crucial to the instability 

phenomena. It is also found that the system with the 1940 kVA regain its stability when the 

synchronous generator was supplying a load close to the maximum power output of 1.94 MW. 

The sub-transient and transient internal synchronous reactances is also found to be crucial 

parameters for the instability problem. 

In order to make the 1940 kVA asynchronous generator stable it was found that the 

relationship between the sub-transient q-axis and d-axis reactances should be less than 0.46 

and the relationship between the transient q-axis and d-axis reactances should be less than 

5.41. 

The recommendations from the thesis to fix the stability problem observed in the synchronous 

generators was to add an additional q-axis damper winding to the rotor of the synchronous 

generator. 
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4 Theory 
 

This chapter consists of summaries from the different reports and articles concerning the 

problem discussed in this master’s thesis. 

The report in [6] from 1980 investigates the problem with a rectifier-loaded synchronous 

generator and the observed instability that occur. The report states that it is not only the 

synchronous reactances that is important in these types of systems, the transient and 

subtransient reactances is equally important.  

Introducing an active load, transient oscillations can occur due to the oscillations caused by 

the diodes in the rectifier. The current and voltage will start to oscillates with a high frequency 

and a stable operation is not possible to obtain [6]. 

A test is shown in the report for a diode-rectified system. The test is shown in Figure 5. 

 

Figure 5: Voltage U, the current from the synchronous generator, I, the speed of the synchronous generator, and the current 
through the rectifier, Ig. Time steps of 0.1 seconds [6]. 

When the current trough the rectifier starts to experience an instable operation, the voltage 

and current from the synchronous generator starts to oscillate. It is shown in this test that the 

behavior of the rectifier impacts the transient current of the synchronous generator and 

ultimately making the system have an undesirable operation [6]. 

A stability criterion is given based on the simulations of the system: 

 𝑋𝑞 < 2 ∗ 𝑥′𝑑 Eq. 1 

It is also stated that the oscillations that is observed in the output voltage can be associated 

with physical oscillations of the rotor angle [6].  

 



 

13 
 

 

In [5] is a synchronous generator connected to a diode-bridge rectifier under study. The aim 

for this report is to investigate the relationship between the synchronous generator and the 

rectifier. Other reports tend to look at the synchronous generator as an ideal voltage source 

under these kinds of investigation and only look at the behavior of the load and the rectifier. 

When the system is isolated and not working against a stiff grid it is important to analyze the 

factors that may cause that instability and then the synchronous generator is the key to 

understand the instability that occur [5]. 

The work yields a stability criterion equal to the one given in [6], but this stability criterion is 

believed to be too harsh to meet for conventional generator design and another stability 

criterion for generators with an additional short-circuited q-axis winding is given in equation 

2. 

 1

𝑥𝑞
+  

1

𝑥′𝑞
 ≥  

1

𝑥′𝑑
 

Eq. 2 

It is stated that due to the fact that x’q < xq for a synchronous generator, the stability criterion 

given for a synchronous generator with a short circuited q-axis winding is easier to fulfill. The 

simulations have yielded a result based on this equation that shows that the low-frequency 

oscillations are no longer present in the system [5]. 

 

The observed instability in these kind of systems is often considered to be instable but a good 

explanation to why this is experienced is not yet given. The work undertaken in [7] aims to 

find a physical explanation to the experienced instability problem. The basis for the 

simulations are a simple model for a rectifier-loaded system with just the synchronous 

generator, a rectifier and a load modelled as a voltage source. The system is linearized and the 

stability study is based on the movement of the eigenvalues obtained [7].  

 

A parameter analysis is undertaken on a set of different parameters found in the model. A 

deviation of 10 % on the different parameters is used. It is observed that by increasing the 

direct-axis damper resistance and the field resistance yields a positive influence on the 

eigenvalues, i.e. they are moving to the left. Increasing the quadrature-axis damper resistance, 

and the quadrature inductance, the commutation inductance and the DC inductance has a 

negative influence on the eigenvalues, i.e. they are moving to the right [7]. 

An attempt to describe the physical behavior is tried; An increase in a resistive load of a diode-

rectified system results in a sudden increase in the quadrature-axis current. As a result, the 

quadrature-axis flux increases fast due to a relatively small quadrature-axis damper time 

constant. However, the resulting decrease of the direct-axis flux flows very slowly due to a 
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relatively large time constant of the excitation winding. After a sudden loading will the total 

machine flux increase in the first instance and decrease to its initial value, which is lower than 

its original value afterwards. The conclusion is that all the parameters studied can affect the 

systems stability problem but the quadrature-axis damper winding resistance is of utmost 

importance for stable behavior of the system [7]. 
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5 Basic theory 
 

5.1 Synchronous generators 

 

The synchronous generator is the heart of every power system and generates the power. The 

synchronous generator is built up by a rotor with excitation windings and an armature with 

three-phase windings. The current induced to the stator windings by the rotor is supplying the 

load. The rotor is driven by a prime mover which can be for example a diesel engine or a hydro 

power turbine. During operation, a three-phase voltage is induced into the armature windings 

by the magnetic field set up by the rotor. The displacement of 120 degrees for the armature 

windings make it possible to induce three-phase voltages into the armature. The magnitude 

of the voltage induced to the armature windings is controlled by the excitation current in the 

excitation windings of the rotor and the frequency is dictated by the rotor speed and number 

of poles shown by equation 3 [8], [9]. 

 

 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑜𝑙𝑒𝑠 =  

𝑓 ∗ 120

𝑛
 

Eq. 3 

 
Where f is the frequency in Hz and n is the speed of the rotor in rounds per minute. 

 

Based on the design of the synchronous generator, two different rotors are commonly used. 

Figure 6 shows the basic principle for a synchronous generator with a round rotor and a salient 

rotor [8], [9]. 

 

Figure 6: Synchronous generator design A) round rotor. B) Salient rotor [8] 

The salient rotor which is mainly used in application where the speed is low has the excitation 

windings mounted on the salient rotor poles. In addition, an extra short-circuited rotor 

winding (often called amortisseur winding) is added to help damp mechanical oscillations in 

the rotor [9]. During normal operation, when the rotor is operating at a synchronous speed 
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the winding will not carry any current. When the load changes and the speed of the rotor 

begins to oscillate around the synchronous speed it induces a voltage and a current in the 

damper windings. The current flowing in the damper windings interacts with the magnetic 

field of the stator and produces a damping force to the oscillations obtained during the load 

change [9]. 

Round rotors are used for high-speed applications where the prime mover often is a gas or 

steam turbine. The rotor is often small in diameter and long to maintain a stable operation. It 

has a small number of poles which is implemented into the rotor making it cylindrical [9].  

 

During load changes and different load levels, the ability to control and regulate the excitation 

current in the rotor and thereby the induced voltage to the stator windings is an important 

factor. The relationship between the induced voltage to the stator and the excitation current 

is linearly dependent during no-load situation. The change itself is not enough, the exciter also 

must respond quick enough during temporary faults or load changes in order to maintain the 

stability [9]. 

Different types of excitation system can be used. The first type of exciters were DC-generators 

which induces a DC-current trough brushes and slip rings to the rotor windings. Figure 7 shows 

a schematic drawing of a synchronous generator with a DC excitation system. The DC 

excitation generator is mounted on the same shaft as the rotor of the synchronous generator. 

The excitation current Ix is supplied to the rotor windings via brushes and slip rings. The 

excitation current Ix is controlled by the pilot exciter. In newer designs, the excitation current 

is controlled by an automatic voltage regulator [10], [9]. 

 

Figure 7: DC excitation of a synchronous generator [10] 
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At larger power ratings of the synchronous generators it was common to use several cascaded 

DC exciters in order to be able to provide a large enough excitation current. This increased the 

complexity of the system and the time constant of the system became larger and based on 

the wish to be able to respond quick to different load situations it is not desirable to have a 

“slow” excitation system [9]. 

The introduction of power electronics made it possible to use AC generators to provide the 

excitation current to the rotor windings by rectifying the current and supply it through brushes 

and slip rings. 

To avoid the maintance caused by the wear of the brushes and slip rings a brushless excitation 

system is more and more common today. A brushless excitation system and a synchronous 

generator is shown in Figure 8. 

 

 

Figure 8:Brushless excitation of a synchronous generator [10] 

The rotor of the AC exciter is mounted on the same shaft as the rotor of the synchronous 

generator in addition to a 3-phase electronic rectifier that provides the DC excitation current 

to the rotor windings. The rectifier replaces the commutator, brushes and slip rings which 

makes the system more reliable [9].  

The control of the exciter is done by an automatic voltage regulator (AVR). The AVR measures 

the voltage at the terminals of the synchronous generator. It calculates the voltage error ΔV 

between the actual voltage provided by the synchronous generator with the desired voltage 

defined in the AVR. The error signal is then used to regulate the DC voltage from the exciter 

to the rotor in order to maintain the desired voltage at the terminals of the synchronous 

generator [9].  
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5.2  Power electronics 

 

5.2.1 Diode rectifier 

 

The most common rectifier is the diode rectifier. The diode and the characteristics of the 

diode is shown in Figure 9. 

 

Figure 9: a) Diode, b) I-V characteristic, c) Idealized characteristic [11] 

The diode is, if we are looking at it very idealized, a simple on/off switch which is triggered by 

the voltage across it. When the voltage across the diode is forward biased it begins to conduct. 

When the voltage across the diode switches and the diode becomes reverse biased it stops to 

conduct. If a sinusoidal voltage is applied to the diode it will conduct in the positive half-period 

and block in the negative half-period [11]. 

By placing the diodes in a bridge as shown in Figure 10 it is possible to rectify three-phase 

voltages. This is a very simple and low-cost rectifier, but it has the disadvantage that it has no 

direct control for the amplitude of the DC-side voltage [11]. 

 

Figure 10: Three-phase, full-bridge rectifier [11] 

The diodes in the rectifier will each conduct for a period of 120 degrees. The diode with the 

highest potential at its anode in the upper part of Figure 10 (D1, D3 or D5) will be forward 

biased and start to conduct. The other two diodes will then be reversed biased and block the 
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current flowing through the diode. The corresponding diode in the lower part of Figure 10 (D4, 

D6 or D2) with the lowest potential at their respective cathode will conduct [11]. 

 

Figure 11: The Ac voltages and the DC voltage for the diode rectifier [11] 

Figure 11 shows the AC voltage and the rectified DC voltage, Vd, for the diode rectifier. The 

instantaneous DC voltage, Vd, is defined as the difference between Vpn and and Vnn of the AC 

voltage. Because each diode is conducting for 120 degrees will the instantaneous waveform 

of Vd consists of six segments per cycle of the line frequency [11]. 

The average value of the output DC voltage can be obtained by considering one of the six 

segments which is marked in grey in Figure 11. Considering the line-to-line voltage Vab to be at 

its maximum at this point yields an instantaneous DC voltage, Vd, given by equation 4 [11]: 

 𝑣𝑑 =  𝑣𝑎𝑏 =  √2 ∗ 𝑉𝐿𝐿 ∗ cos 𝜔𝑡        𝑓𝑜𝑟   −6
1𝜋 <  𝜔𝑡 <  

1

6
𝜋 Eq. 4 

 

By integrating the instantaneous voltage, Vd over the area A and dividing by the interval 

between −6
𝜋 and 𝜋

6
, the average DC output voltage, Vdo, becomes [11]: 

 

𝑉𝑑𝑜 =  
1

𝜋
3⁄

 ∫ √2 ∗ 𝑉𝐿𝐿 ∗ cos 𝜔𝑡  𝑑(𝜔𝑡) =  
3

𝜋
∗ √2

𝜋
6⁄

−𝜋
6⁄

∗  𝑉𝐿𝐿 = 1.35 ∗ 𝑉𝐿𝐿  

 

Eq. 5 

Equation 5 shows that the average DC output voltage for a basic full-bridge diode rectifier is 

about 35 % larger than the input line-to-line voltage to the rectifier. 
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5.2.2 Thyristor rectifier 

 

The thyristor can be considered as a more advanced diode. The thyristor and its I-V 

characteristic is shown in Figure 12.  

 

Figure 12: a) Thyristor diagram, b) I-V characteristic for the thyristor [11] 

The thyristor is in principle the equal to a diode and the I-V characteristic is almost equal. The 

difference between the diode and thyristor is that the thyristor will be blocked when forward 

biased until a trigger signal is enabled at the thyristor gate. When the gate is triggered by a 

positive signal it goes from off-state to on-state and is conducting until it is reverse-biased 

[11]. 

The advantage of the ability to trigger the thyristor at a desired time makes it possible to 

control the output voltage to a certain extent. It is however not possible to stop the thyristor 

from conducting when it is already triggered and therefore it has to conduct until it is reverse-

biased [11]. 

For practical applications, six thyristors can be used to create a full-bridge rectifier as shown 

in Figure 13. 

 

Figure 13: Full-bridge, thyristor rectifier [11] 



 

21 
 

 

Based on the fact that the thyristor is in principle a diode, equation 5 is still valid and it 

follows that the output voltage for the thyristor rectifier when triggered at t=0 is: 

 
𝑉𝑑𝑜 =   

3

𝜋
∗ √2 ∗ 𝑉𝐿𝐿 = 1.35 ∗  𝑉𝐿𝐿 

 

 

When the thyristors is triggered at time different from zero. The effect of the firing angle α is 

shown in Figure 14. 

 

 

Figure 14: Waveforms for the thyristor rectifier 

The average DC voltage can be calculated based on the waveforms in Figure 14 b and d. The 

volt-second area Aα (every 60 degrees) results in a reduction in the average DC voltage 

compared to the input AC voltage, this is shown by equation 6 [11]. 

 
𝑉𝑑𝛼 =  𝑉𝑑𝑜 −  

𝐴𝛼

𝜋
3⁄

 
Eq. 6 

Based on Figure 14 d it can be seen that the area Aα is the integral of Vab-Vcb which is equal 

to Vac: 



 

22 
 

 
𝐴𝛼 =  ∫ √2 ∗ 𝑉𝐿𝐿 sin 𝜔𝑡 𝑑(𝜔𝑡) =  √2 ∗ 𝑉𝐿𝐿 ∗ (1 − cos 𝛼)

𝛼

0

 
Eq. 7 

 

Based on equation 6 and equation 7, the average DC output voltage, 𝑉𝑑𝛼,  for a full-bridge 

thyristor rectifier is given by equation 8 [11]. 

 
𝑉𝑑𝛼 =

3 ∗ √2

𝜋
∗ 𝑉𝐿𝐿 ∗ cos 𝛼 = 1.35 ∗ 𝑉𝐿𝐿 ∗ cos 𝛼 

Eq. 8 

 

Based on equation 8, it is possible to regulate the voltage at DC side of the thyristor rectifier 

from 0 to 135 % of VLL by controlling the firing angle α. 

 

 

5.3 PSS 

 

Back in the 1950s, economic design of the synchronous generators resulted in synchronous 

generators with large values of the steady-state synchronous reactances, and this again 

resulted in poor load-voltage characteristics. The result was a transient stability problem 

addressed to the reduction of the field flux which resulted in a drop in the overall 

synchronizing torque. The solution to this problem was to use a high gain, fast acting excitation 

control system. However, voltage regulator action was found to introduce negative damping 

torque at high power output in weak grids. The negative damping gave rise to oscillatory 

instability problem. These problems resulted in an attempt to modify the voltage regulator 

reference input trough an additional signal, which was meant to produce positive damping 

torque. The control circuit that modified the voltage regulator reference signal was called a 

power system stabilizer (PSS) [12]. 

The primary goal of the PSS is to introduce a component of electrical torque in the 

synchronous machine rotor that is proportional to the deviation between the actual speed 

and the observed speed. When the rotor oscillates, this torque acts as a damping torque to 

counter the oscillations [12]. 

One common used structure of the PSS is shown in Figure 15. The blocks consist of factors that 

controls the gain, phase compensation, a washout filter, torsional filters when there are speed 

and frequency inputs and output limiters. 
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Figure 15: Common used structure in a PSS [12] 

The washout circuit is a high-pass filter that prevents any steady change in the speed, 

frequency and power affecting the field voltage because of the PSS action. The PSS should be 

design to act just in the transient period of the stabilization signal. For local modes, Tw = 1-2 

s is satisfactory. For interarea modes a longer Tw of about 10-20 s is proposed [12], [13]. 

Phase compensation block is used to counter the phase lag introduced in the transfer 

functions of the exciter system. In order to achieve pure damping torque from the PSS, the 

phase compensator blocks must cancel the phase-lag [12]. 

 

The phase lag, ϕ, can be obtained from the eigenvalue which is in interest to stabilize. This is 

done by finding the angle of the eigenvalue based on the x-axis and the imaginary axis. 

When phase shift is found, the filter need to be tuned in order to make the power system 

stabilizer only compensate at the desired frequency. This is shown in equation 9 and equation 

10 [13], [14]. 

 
𝑇1 =  

1

𝜔1
∗ 𝑡𝑎𝑛 (45° +

𝜑

2𝑛
) 

Eq. 9 

 

 
𝑇2 =  

1

𝜔1
∗ 𝑡𝑎𝑛 

1

(45° +
𝜑
2𝑛)

 
Eq. 10 

The washout time constant, Tw, is further chosen according to [13], [12]: 

1: “It should be long enough so that its phase shift does not interfere significantly with the 

signal conditioning at the desired frequencies of stabilization.” 

2: “It should be short enough, that the terminal voltage will not be affected by regular system 

speed variations, considering system-islanding conditions, where applicable”. 
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5.4 Modal analysis 

 

By linearizing the equations describing the system it is possible to find the eigenvalues of the 

system. Modal analysis or eigenvalue analysis describes the small signal behavior of the 

system. In other words, the behavior linearized around one operating point. This means that 

the analysis will not take into account the nonlinear behavior in the system during large 

changes. 

The eigenvalue analysis analyses the dynamic behavior under different characteristic 

frequencies, commonly named “modes”. The linearized system gives the eigenvalues of the 

system.  The definition of an eigenvalue, λ, is conjugate complex number given as: 

 𝜆 =  𝛼 +/−  𝑗Ω Eq. 11 

α is the real part of the eigenvalue and Ω is the imaginary part of the eigenvalue which 

describes the frequency of the oscillations in rad/s of the oscillatory mode.   

If the eigenvalue is characterized by only the real part, α, it is considered as non-oscillatory. If 

α<0, the eigenvalue is considered to be stable, but if α>0 it is characterized as unstable and 

exponentially increasing. 

If the eigenvalue is complex, the eigenvalue, λ, is characterized as oscillatory. The stability 

related to the oscillatory eigenvalue depends on whether the real part of the eigenvalue, α, is 

positive or negative. If it is negative, the corresponding oscillatory eigenvalue is considered as 

stable. If it is positive, the corresponding eigenvalue is considered unstable. 

It is desired that all the oscillations experienced in an electrical system is damped out as quick 

as possible to enhance the system stability, therefore is the damping ratio of the eigenvalues 

also a critical parameter.  The damping ratio, ζ. is defined as: 

 𝜁 =  
− 𝛼

√𝛼2 +  Ω2
 Eq. 12 

 

The effect of the damping ratio on different oscillatory eigenvalue is shown in Figure 16. 
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Figure 16: Effect of damping ratio on oscillatory modes [15] 

 

The minimum acceptable level of damping is not defined in theory but in practice is a damping 

ratio equal to or above 5 % considered adequate. A damping ratio of 5 % means that in 3 

oscillation periods, the amplitude is damped out to about 32 % of its initial value. A damping 

ratio smaller than 5 % is considered weakly damped and is not desired [9], [15]. 

 

 

 

 

 

 

 

 

 

 

 



 

26 
 

6 Simulations in PSCAD 
 

6.1 Description of the model 

 

The model used in PSCAD was built during the specialization project in the autumn of 2015 

[4]. It is a simplified model of the real-life system where the focus has been on the interaction 

between the synchronous generator and the rectifier. The model is shown in Figure 17. 

 

Figure 17: Simulation model in PSCAD 

The model has a 1940 kVA synchronous generator with parameters according to the actual 

synchronous generator found onboard the tug-boat. The block diagram of the AVR and the 

data for the AVR is given in appendix A. The rectifier is built up as a basic diode rectifier based 

on the information of the system onboard the tugboat and theory presented in section 5.2. 

The load is attached at the end of the model (1 ohm in the figure). Since the model is modelled 

as ideal with no losses only active power flow in the system.  

The simulations are done over a period of 20 seconds. The breaker named “BRK1” engages 

the rectifier at t = 2.5 seconds and the breaker named “BRK” engages the load at t = 5 seconds. 

At t = 15 seconds the load and rectifier is disengaged. 

Figure 18 presents the governor and prime mover for the simulation model in PSCAD. The 

diesel engine model named “IC engine” in the figure regulates the output torque “Tm1” 

according to the fuel valve opening that is controlled by the governor. The governor is a PI 

controller with the difference between the reference speed “Wref” and the actual speed of the 

synchronous generator named “Wn” as input. In addition, the governor has upper and lower 

restrictions and a time constant to simulate the mechanical and electric time constant of the 

prime mower and the governor. 
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Figure 18: Prime mower and governor 

The actual parameters of the prime mower and governor are presented in appendix B 

 

The loads during different simulations is connected directly to the DC bus of the model as 

mentioned. Based on the equations of the rectifier in section 5.2, the value of the purely 

resistive load is calculated as follows: 

 

𝑅𝑙𝑜𝑎𝑑 =  
𝑈2

𝑃
=  

(1.35 ∗ 𝑉𝐿𝐿)
2

𝑃
 

 

Eq. 13 

- Where Rload is the resistance of the load in Ω, U is the voltage in volts, P is the load in MW and VLL is the 

line-to-line voltage of the synchronous generator. 

 

 The values of the resistances presented in Table 2 is used as the load values throughout this 

section about the PSCAD model. 

Table 2:DC loads for the PSCAD model 

Load 

[MW] 

Rload 

[Ω] 

0.5 1.73 

1 0.87 

1.5 0.58 

1.9 0.46 

 

For the different simulations where oscillations are observed, plots which shows the 

oscillations better is provided in the appendices. 
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6.1.1 Initial condition 

 

The initial condition for the 1940 kVA synchronous generator supplying a load of 1 MW 

through the diode rectifier is shown in Figure 19. 

 

 

Every measured parameter is oscillating. The observed oscillations are neither increasing or 

decreasing in amplitude and can be regarded as standing oscillations. Figure 20 show the 

oscillation found in the active power supplied by the synchronous generator. The oscillation 

has a frequency of about 1.7 Hz. 

Figure 19: Initial condition of the system supplying a load of ca. 1 MW. Voltage at AC side of rectifier, voltage at DC side of rectifier, exciter voltage, active 
power from the synchronous generator and the speed of the synchronous generator. 

Figure 20:Detailed plot of the oscillation in the active power from the generator 
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It can also be noticed that the curve for the active power and DC voltage is quite “thick” in the 

simulations plots compared to the other measured parameters. This is due to the switching 

frequency of the diodes in the rectifier. The oscillations caused by the switching of the rectifier 

is 400-500 Hz and often referred to as “ripple”. The ripple of the DC voltage is shown in Figure 

21 .  

This “instability” can easily be reduced with a capacitor connected to the DC terminal of the 

rectifier.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Switching frequency of the full-bridge diode rectifier 
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6.2 Increasing the load 

 

Two loads of 1 MW and 1.9 MW is tested to see how the loading of the synchronous generator 

affects the observed instability. 

 

6.2.1 Load = 1 MW 

 

The load of 1 MW is added to the system at t = 5 s and the result is shown in Figure 22. More 

detailed plots of the oscillations can be found in appendix C. 

Figure 22: Synchronous generator supplying a load of 1 MW through a rectifier and no battery connected. Voltage at AC side 
of rectifier, voltage at DC side of rectifier, exciter voltage, active power from the synchronous generator and the speed of the 

synchronous generator. 

 

The system is clearly not stable and all the observed parameters is oscillating with frequency 

of about 1.7 Hz and can be considered as standing due to constant oscillating amplitude in the 

parameters.  

The voltage at the AC side oscillate with an amplitude of about 0.2 p.u. around the value of 

0.9 p.u. It can also be noticed a quite deep voltage dip in the AC voltage during the introduction 

of the load to the system. The DC voltage oscillates with a larger amplitude than the AC voltage 

of about 0.4 p.u. 
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The exciter voltage is increasing to about 2.5 p.u. when the load is added to the system and is 

oscillating around this value with an amplitude of around 0.5 p.u. throughout the simulation. 

The output power from the synchronous generator has a quite severe oscillating amplitude of 

0.5 p.u. In other words, it is switching between 1 MW and 1.9 MW almost twice per second. 

This is clearly not a desirable operation of the system. 

The speed of the synchronous generator is oscillating with a low amplitude between 0.9950 

p.u. and 1.0050 p.u., but is noticeable and not desired. 

 

 

6.2.2 Load = 1.9 MW 

 

A load of 1.9 MW is added to the system. This is quite close to the upper operating limit for 

the 1940 kVA synchronous generator. The simulations are presented in Figure 23. More 

detailed plots of the oscillations can be found in appendix C. 

Figure 23: Synchronous generator supplying a load of 1.9 MW through a rectifier and no battery connected. Voltage at AC 
side of rectifier, voltage at DC side of rectifier, exciter voltage, active power from the synchronous generator and the speed 

of the synchronous generator. 

All the parameters have an oscillating frequency around 1.87 Hz which is a little increase 

compared to the situation with a load of 1 MW. The instability is however not very noticeable 
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right after the connection of the load at t=5s. The oscillations are increasing in amplitude until 

t=12 s and maintain this amplitude throughout the rest of the simulation. 

The AC voltage has a larger voltage dip at t=5s compared to the situation with the 1 MW load 

due to the increased load. At t=7s a new operating point of 0.8 p.u. is reached and the AC 

voltage starts to oscillate around this value with an increasing amplitude. The amplitude 

reaches its maximum of 0.2 p.u. as mentioned around t=12s. 

It follows that the oscillating DC voltage is also increasing in amplitude like the AC voltage. The 

DC voltage is oscillating with an amplitude of 0.4 p.u. 

The exciter voltage reaches a value of about 3.7 p.u. after the load is added to the system and 

seems to be quite stable until it starts to have noticeable oscillations at t=8s and around t=12s 

the oscillations has an amplitude of 0.3 p.u. and can be considered as standing oscillations 

until the load is disconnected. 

The active power from the generator has a quite severe amplitude of 1.25 p.u. after t=12s.  

The amplitude of the synchronous generator speed is increasing and oscillating with an 

amplitude of 0.02 p.u. at its maximum. 

 

6.3 Increasing the load with a battery connected 

 

The real-life system has as mentioned in chapter 2 a battery connected to the DC-side of the 

rectifier. The simulations in this section is taken to see if the battery can cause an increased 

or decreased stability compared to the observed instability without the battery connected. 

The PSCAD model used in this section of the thesis is shown in Figure 24. 

 

Figure 24: PSCAD model with a battery connected to the DC side of the rectifier. 



 

33 
 

The PSCAD model is almost identical to the previous one used, but a simple model of a battery 

marked by a red circle in the figure is connected. The battery is modelled as a small resistance 

to simulate the internal resistance of a battery in series with a (infinitely) large capacitor. 

 

 

6.3.1 Load = 1 MW 

 

For comparison, the same load steps as with the model without a battery connected, is used, 

starting with a load of 1 MW. The simulations are shown in Figure 25. More detailed plots of 

the oscillations can be found in appendix D. 

 

 

Adding the battery to the system clearly do not make the system more stable. All the 

parameters are now oscillating with a greater frequency than before of around 6.67 Hz. From 

the load is connected at t=5s to around t=12s, the oscillation in the parameters has not got a 

constant amplitude. From t=12s, the oscillations are more or less at a stable amplitude for all 

the parameters. 

Figure 25: Synchronous generator supplying a load of 1 MW through a rectifier and a battery connected. Voltage at AC side of rectifier, voltage at DC side of 
rectifier, exciter voltage, active power from the synchronous generator and the speed of the synchronous generator. 
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The AC voltage has an amplitude of 0.15 p.u. and oscillating around the value of 0.9 p.u. This 

is quite the same as without the battery, only with a slightly smaller amplitude. 

The DC voltage is oscillating around 0.8 p.u. with an amplitude of 0.2 p.u. The observed 

amplitude is half of the situation without the battery connected. It can also be noticed that 

the ripple in the DC voltage caused by the rectifier is gone due to the battery. 

The exciter voltage rises to 2.5 p.u. after the load is added and is oscillating with an amplitude 

of 0.5 p.u., the same as without the battery connected.  

The active power from the synchronous generator oscillates between 0 and 2.5 p.u. and the 

speed of the synchronous generator also starts to actively oscillate with a higher amplitude. 

 

6.3.2 Load = 1.9 MW 

 

The load is increased to 1.9 MW to see how the system will behave close to the limit of the 

generator with a battery connected to the DC-side of the rectifier. The simulations are 

presented in Figure 26. 

 

Figure 26: Synchronous generator supplying a load of 1.9 MW through a rectifier and a battery connected. Voltage at AC side of rectifier, voltage at DC side 
of rectifier, exciter voltage, active power from the synchronous generator and the speed of the synchronous 
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All the measured parameters are stable in contrast to the situation without the battery 

connected. Without the battery connected to the system, it seemed quite stable in the start 

and the instability increased through the simulation.  

It is however observed quite low voltages at both sides of the rectifier. The AC voltage drop to 

0.4 p.u. during the connection of the load at t=5s and is increasing to a stable operating point 

at around 0.7 p.u. The DC voltage is also having a dip at 0.4 p.u. and stabilizes at 0.6 p.u. 

The exciter voltage is increasing to raise the voltage at the terminals of the generator but it 

has little effect. 

The active power from the synchronous generator and the speed is operating at the desired 

point and is stable.  
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6.4 Inertia constant 

 

The inertia constant of a synchronous generator is defined by equation 14. 

 
𝐻 =  

𝐽 ∗ (2𝜋 ∗ 𝑓𝑛)2

2 ∗ 𝑆𝑛
 

Eq. 14 

 

It can be seen from the equation for the inertia constant that it expresses the angular 

momentum of the rotor with reference to the power rating of the synchronous generator. 

This make it easy to compare the angular momentum of the rotors on different synchronous 

generators with different ratings. The inertia constant is given the symbol H and is therefore 

also referred to as the H-constant. The unit of the inertia constant is seconds. The inertia 

constant quantifies the kinetic energy of the rotor at synchronous speed in terms of number 

of seconds it would take the generator to provide an equivalent amount of electrical energy 

when operating at a power output equal to its MVA rating [9]. 

Due to the fact that the inertia constant H describe the angular momentum of the rotor it has 

a significant impact on the stability of electrical systems. In [2] it was stated that the inertia 

constant had little or no impact on the stability of the instable system in question. This result 

seems quite strange when the results of [1], [4] and [2]  implies that the synchronous 

generator could be poorly damped. In this chapter the inertia constant, H, is increased on the 

instable 1940 kVA synchronous generator to see which effect it will have on the instable 

operation. 

The inertia constant is simulated for a range of values from a very small inertia constant of 0.1 

s to a quite large inertia constant of 5 s. more plots from the simulations are found in appendix 

E.  

The instability in the system seems to be affected in a negative way for loads unequal to the 

rated capacity of the synchronous generator based on the findings in chapter 6.3. The 

observed instability during the measurements mentioned in section 2.3 was also without the 

battery. The simulations in this chapter is therefore done without the battery connected and 

the PSCAD model in Figure 17 is the basis for the simulations. 
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6.4.1 H = 0.1 s 

 

Starting with a low value for the inertia constant of H=0.01 s and a load equal to 1 MW. The 

simulations are presented in Figure 27. More detailed plots of the observed oscillations are 

found in appendix E.  

Figure 27:Synchronous generator supplying a load of 1 MW through with H = 0.1 s. Voltage at AC side of rectifier, voltage at 
DC side of rectifier, exciter voltage, active power from the synchronous generator and the speed of the synchronous 
generator. 

The observed oscillations are starting with a quite low amplitude and increasing towards 

standing oscillations for all the parameters. The frequency of the observed oscillations is 

about 2.2 Hz. 

After around t=10s, the AC voltage is oscillating with an amplitude of 0.15 p.u. around the 

value of 0.9 p.u. The DC voltage is oscillating with an amplitude of 0.4 p.u. around the value 

of 0.8 p.u. 

The exciter voltage is increasing towards 2.5 p.u. and is oscillating around this value with an 

amplitude of 0.5 p.u. 

The active power is oscillating between 0.5 p.u. and 1 p.u. 

The speed of the synchronous generator has some small oscillations around the nominal 

speed of 1 p.u. 
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6.4.2 H = 1 s 

 

The inertia constant is increased by a factor of ten to H=1 s for the synchronous generator. This is 

close to the actual value of the inertia constant for the instable synchronous generator. The load is 

still 1 MW. 

The simulations are shown in Figure 28. More detailed plots are provided in appendix E.  

Figure 28:Synchronous generator supplying a load of 1 MW through with H = 1 s. Voltage at AC side of rectifier, voltage at 
DC side of rectifier, exciter voltage, active power from the synchronous generator and the speed of the synchronous 
generator. 

The oscillations are also here starting with a lower amplitude and increasing to standing 

oscillations for all the parameters. The frequency of the observed oscillations is about 1.67 

Hz, decreasing by 0.53 Hz from the situation with H=0.1 s. 

After around 9 s, the AC voltage is oscillating with an amplitude of 0.15 p.u. around the value 

of 0.9 p.u., the same as for the situation with H=0.1 s. The DC voltage is oscillating with an 

amplitude of 0.3 p.u. around the value of 0.8 p.u. 

The exciter voltage has an oscillating with an amplitude of 0.65 p.u. around the value of 2.5 

p.u. 

The active power is also here oscillating between 0.5 p.u. and 1 p.u.  

The speed of the synchronous generator has some small oscillations around the nominal 

speed of 1 p.u. 
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6.4.3 H = 2 s 

 

Increasing the H-constant to H = 2 s yields an interesting result presented in Figure 29. More 

detailed plots are found in appendix E. 

Figure 29: Synchronous generator supplying a load of 1 MW through with H = 2 s. Voltage at AC side of rectifier, voltage at 
DC side of rectifier, exciter voltage, active power from the synchronous generator and the speed of the synchronous 
generator. 

Doubling the inertia constant from the last simulations seems to make the system nearly 

stable. Some oscillations are observed right after the rectifier and load is connected at t=5 s 

which is the same as can be observed at the same instance in the other simulations for the 

inertia constant. It is however noticed that the oscillations that grew to standing oscillations 

in the previous simulations, is here nearly damped out. By investigating the more detailed 

plots it is noticed an oscillation frequency of 0.35 hz which is present in the simulation.  

The amplitude of the oscillations is very small and it is obvious that increasing the inertia 

constant is enhancing the stability of the system. 
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6.4.4 H = 5 s 

 

The simulation with H = 2 s was nearly stable and to clarify that the system is able to become 

stable by increasing the damping of the synchronous generator, the inertia constant is 

increased to H=5 seconds. The simulations are shown in  

Figure 30. 

 

Figure 30: Synchronous generator supplying a load of 1 MW through with H = 5 s. Voltage at AC side of rectifier, voltage at 
DC side of rectifier, exciter voltage, active power from the synchronous generator and the speed of the synchronous 
generator. 

 

The system is stable and the disturbance caused by connecting the load at t=5 s is now damped 

out after 3.5 s and remains stable. The only noticeable disturbance in the system at this point 

is the ripple in the DC voltage caused by the rectifier which is also noticeable in the active 

power supplied by the synchronous generator. 
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6.5 Q-axis damper winding 

 

Based on the theory presented in section 4, a q-axis damper winding is added to the 

synchronous generator to see the affect it will have. A damper winding has a high 

resistance/reactance ratio. In the subtransient state these windings act as a perfect screen 

and the changes in the in the armature flux cannot penetrate them. In the transient state the 

air-gap flux, which rotates at the synchronous speed, penetrates the damper windings and 

induces an emf and current in them whenever the rotor speed deviates from the synchronous 

speed. This induced current produces a dampening torque which, according to Lenz’s law tries 

to restore the synchronous speed of the rotor [9]. 

Based on equation 2, the damper winding should have a value of 0.546 p.u. which is added 

to the system and the simulations are shown in Figure 31. 

 

Figure 31.Simulation of an extra q-axis damper winding. Voltage at AC side of rectifier, voltage at DC side of rectifier and the 
exciter voltage, active power from the synchronous generator and the speed of the synchronous generator. 

 

The system is observed to be stable. None of the parameters is observed to be oscillating or 

have any kind of instability problem. The only oscillations seen is the ripple in the DC voltage 

and active power due to the rectifier. This was also the solution in [4]. 
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6.6 Changing the synchronous generator parameters 

 

The tests so far have yielded results that can verify that the whole system under study is 

unstable and some parameters and components in the system is able to enhance the stability 

of the system, while others are making the system more unstable. The synchronous generator 

and its internal parameters has been believed to be the component in the system that has 

caused the instability. This is the angle of incidence for the work done in [1] and [2]. 

It would be interesting to change the parameters for the synchronous generator while keeping 

the rest of the system with its initial values. A synchronous generator with a similar voltage 

and MVA rating is used. The parameters for the synchronous generator used in these 

simulations is provided in appendix F. The inertia constant for the synchronous generator is 

set to H = 1 s, keeping in mind that the original synchronous generator under study in this 

thesis was observed to be instable with this value of the inertia constant. 

The simulations are shown in Figure 32. 

 

 

Figure 32: Synchronous generator with other internal parameters supplying a load of 1 MW. Voltage at AC side of rectifier, 
voltage at DC side of rectifier, exciter voltage, active power from the synchronous generator and the speed of the 

synchronous generator. 

 

The system is observed to be stable for all the measured parameters. Even the voltage drop 

in the AC voltage during the connection of the load at t = 5s is smaller, only 10 %. By comparing 

these results to the results in section # it is obvious that the parameters of the synchronous 

generator might be a possible cause of the observed instability problems. 
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6.7 Transient disturbances 

 

By observing the ripple in the DC voltage of the rectifier it is interesting to observe the currents 

from the synchronous generator during normal operation with/without the rectifier supplying 

a load of 1 MW. 

Due to the fact that the synchronous generator is operating against a rectifier make the 

problem more complex. The currents from the synchronous generator will not be purely 

sinusoidal due to the constant switching caused by the rectifier. This is shown in Figure 33. 

 

Figure 33: a) Currents without a rectifier, b) Currents with a rectifier 

 

Figure 33 a, shows the currents from the synchronous generator when operating against just a 

load with no rectifier where the system is observed to be stable. The currents are purely 

sinusoidal and no disturbances is observed. Figure 33 b, presents the same synchronous 

generator when it is supplying a load through a full-bridge diode rectifier. The pure sinusoidal 

current is now observed to be shaped by the switching action in the rectifier. The operation 

with the rectifier causes the synchronous generator to constantly experiencing small 

disturbances caused by the switching of the diodes. This might be a problem if the system is 

initially marginally stable and the constant small disturbances caused by the rectifier is making 

the system instable during operation. 
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7 Simulations in DigSILENT PowerFactory 
 

The motivation for designing a new model in DigSILENT PowerFactory in addition to the model 

in PSCAD is to be able to analyze the stability aspect of the system better. DigSILENT 

PowerFactory offers more tools to analyze stability in addition to time-domain analysis. In 

PowerFactory it would have been easier to model the whole system on the tugboat but based 

on the simulations already undertaken in previous sections of this master’s thesis it seems 

plausible that the instability is related to the synchronous generator and the system modelled 

is therefore still kept simple. 

A model in PowerFactory was used in [1] and [2], but the model used a bi-directional PWM 

(Pulse Width Modulation) rectifier which uses semiconductor switches (IGBT’s) to rectify the 

voltage. This is a more advanced rectifier than the normal full-bridge diode rectifier used in 

the system onboard the tug-boat and the simulation model in [1] and [2] may not have been 

accurate enough. The aim for the model in this master’s thesis is to be as close to the system 

found onboard the tug-boat as possible to recreate the instability problem. 

 

7.1 Description of the model 

 

The model for further studies is presented in Figure 34. 

 

Figure 34: Simulation model in DigSILENT PowerFactory 

The synchronous generator is again modelled as the most instable 1940 kVA synchronous 

generator.  

An excitation system and voltage regulator is added to the generator to provide voltage 

control during the simulations. Based on the limited information of the test in [3] the AVR is a 

PID Basler digital excitation control. The AVR called “ESAC8B” is found in the library of 
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PowerFactory. The model and parameters are shown in appendix G. This is a rectified AC-

supplied brushless exciter with a PID controller which is intentionally modelled as the Basler 

digital excitation control system voltage regulator [16].  

A governor is also needed to regulate the speed and power output of the synchronous 

generator. A governor model should be a model of a diesel engine and the model “Degov1” is 

chosen. The model and parameters can be found in appendix F. This is a model of a diesel 

governor with a throttle feedback (or electric power feedback). The model is based on the 

commonly used Woodward governor which consists of an electric speed sensor, a hydro-

mechanical actuator and the diesel engine. The output from the actuator is a valve position 

for the fuel supply to the diesel engine which is again controlling the torque provided from 

the diesel engine to the synchronous generator [16]. 

The rectifier is a basic full-bridge diode rectifier for which the theory is presented in chapter 

5.2. The full-bridge diode rectifier is modelled as ideal, hence, no losses is included. 

Furthermore, is the load connected to the DC-side of the full-bridge diode rectifier and the 

battery is excluded from the simulation since the instability problem observed in chapter 6 

was present even without the battery. The observed instability in [3] was also without the 

battery connected. 

 

7.1.1 Initial condition of the synchronous generator 

 

It is interesting to see if the model is able to recreate the instable operation from the tug-boat. 

The simulation is done by keeping the initial values of the parameters and letting the 

synchronous generator supply a load of 1 MW. It can be observed that the measured 

parameters in the system it is clearly not stable as shown in the plots in appendix H. All the 

measured parameters are oscillating with the same frequency. The active power from the 

synchronous generator is presented in Figure 35. 

The instable operation is clearly present in the model and the active power is oscillating 

between 0.562 p.u. and 0.582 p.u.  It is however observed that the period of the oscillations 

is larger than in the PSCAD model. The period of the observed oscillations is about 0.85 

seconds, yielding an oscillations frequency in the active power of 1.18 Hz. 

Figure 35: Observed oscillation in the active power from the synchronous generator 
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Analyzing the eigenvalues of the system can give better view of the instability observed in 

the system. The plot for the different eigenvalues is shown in Figure 36. The actual values for 

the different eigenvalues is given in appendix H. 

 

It is observed four oscillatory eigenvalues with an oscillatory frequency of 0.26 Hz, 1.01 Hz, 2.4 

Hz, and 2.65 Hz. 

The modes of interest are presented in Table 3. 

Table 3: Initial eigenvalues of the system 

 

Figure 36: Eigenvalues for the initial state of the synchronous generator 
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All of the oscillatory modes except one is observed to have a negative real part and is therefore 

considered to be stable. The oscillatory mode with a frequency of 2.65 Hz is characterized as 

instable due to the fact that the real part of the eigenvalue is positive. It is also observed a 

marginally instable non-oscillatory mode (mode00015). Some of the oscillatory eigenvalues 

has got a relatively low damping ratio less than 5 %, which is not desirable. 
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7.2 Loading of the synchronous generator 

 

The loading of the synchronous generator is analyzed by the use of eigenvalues. The loading 

is increased from 0.5 MW to 1.9 MW and the effect on the eigenvalues on the system during 

three different load levels is presented in Figure 37.  

 

It is observed that the damping of the instable oscillatory eigenvalue during increased loading 

has a slightly negative movement in the x-axis direction (becoming more stable) but also has 

a little increase in the y-axis, implying a greater oscillatory frequency. 

The other eigenvalue that is reacting to the increased load is a stable oscillatory eigenvalue 

which has a positive movement in the x-axis direction and the oscillatory frequency is 

decreasing with increasing load. 

The other observed eigenvalues in the system has little or no movement during increased 

loading of the system.  

By comparing this to the load test for the model in PSCAD, it was also there observed an small 

increase in the oscillatory frequency during increased loading. 

 

 

 

 

Figure 37: Eigenvalues of the system under different loads 
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7.3 Impact of AVR 

 

The impact of the gain on the AVR to the system is tested to see how the AVR contribute or 

not to the damping of the eigenvalues. The test done by the manufacturer of the AVR 

discussed in section 2 is used as a basis for this analysis. The AVR gain, Ka, is decreased from 

its initial value of 40 towards 1. The impact on the eigenvalues is shown in Figure 38 and tables 

with all the eigenvalues is given in appendix I. 

 

Two of the eigenvalues is observed to have a significant movement by decreasing the gain in 

the AVR. It is also observed that a non-oscillatory eigenvalue is moving in a positive direction 

along the x-axis, meaning that this eigenvalue is becoming less stable, but still way of from 

becoming instable.  The other eigenvalues in the system have little or no effect of the change 

in the AVR gain. The two oscillatory eigenvalues that was observed to be most affected by the 

change in the gain is presented in Table 4.  

Table 4: The changes of the oscillatory eigenvalues when decreasing the gain of the AVR 

 

 

Figure 38: Eigenvalues when changing the AVR gain Ka.  
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It can be noticed that these two eigenvalues are the same that was experiencing movement 

during the test with increased load in section 6.2. The eigenvalues in question is both 

decreasing their oscillatory frequency when the gain is moving towards 1. While the stable 

oscillatory eigenvalue named “osc. mode 1” is not experiencing any large movement in the 

real part, is the real part of the instable oscillatory eigenvalue named “osc mode 2” becoming 

less positive. This implies that both the oscillatory eigenvalues are getting better damped 

when decreasing the gain of the AVR. The instable oscillatory eigenvalue is also becoming 

more stable and is only marginally unstable when the gain of the AVR is equal to 1. 

It is interesting to observe how the AVR gain set to 1 is affecting the system in the time-domain 

analysis as well. The active power from the synchronous generator with the AVR gain set equal 

to 1 is shown in Figure 39. 

Figure 39: Active power from the synchronous generator with the AVR gain set to 1 

 

The system remains stable for quite a while, but after about 60 seconds, oscillations is 

observed and they are increasing in amplitude. By t=80 s, standing oscillations is yet again 

observed in the active power of the synchronous generator. 

This is however the same type of increase in the amplitude that was observed in the 

simulations with the PSCAD model. This might indicate that the model used in PSCAD is 

marginally unstable. 

It should also be noted that even though a smaller gain of the AVR is making the system more 

stable based on the eigenvalues, it will make the system instable in other terms. The AVR is 

supposed to be able to act fast during changes in the terminal voltage of the synchronous 

generator as discussed in section 5.1. The AVR gain has to be tested for each system but in [9] 

is it mentioned that the AVR gain should be at least 20 in order to be able to act fast enough 

to prevent instability caused by a change in the terminal voltage. 
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7.4 Impact of rectifier 

 

7.4.1 Changing the rectifier 

 

In [2] is it mentioned that the system onboard the tug-boat is observed to become stable when 

the full-bridge diode rectifier was changed with a full-bridge thyristor rectifier. A simulation in 

[4] yielded a result that implied that the type of rectifier had no impact on the instability 

problem. It is however interesting to analyze the eigenvalues of the system with the two 

different types of rectifiers to see if there is any marginal change in the eigenvalues.  

The plot for the eigenvalues of the system with the two different rectifier types is shown in 

Figure 40.  

 

Figure 40: Eigenvalues for the system with diode-bridge rectifier and for a system with a thyristor-bridge rectifier 

 

The eigenvalues are laying on top of each other for the two different rectifiers in the plot and 

only a small movement is observed in the eigenvalues. This is again shown in Table 5 where 

the eigenvalues for the two oscillatory modes with an observed movement is listed. 

Table 5: Eigenvalues for the system with the diode-bridge rectifier and for the thyristor-bridge rectifier 

 

The movement in the negative direction for real part of the instable oscillatory eigenvalue is 

small and almost negligible when changing the rectifier type. 
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7.4.2 Decreasing the DC voltage 

 

Controlling the firing angle of the thyristors in the rectifier is possible to implement in the 

model. The voltage at the DC terminal is then set to a predefined value and the firing angle for 

the thyristors is found based on equation 8 in section 5.2. The voltage at the DC side of the 

rectifier is set to 0.5 p.u. which would give a voltage of about 67 % of the AC voltage at the 

terminal of the synchronous generator. 

The eigenvalues for the system with the thyristor rectifier controlled to Vdc = 0.5 p.u. and the 

initial reference of Vdc = 1 p.u. is presented in Figure 41. Tables for all the eigenvalues and time 

domain simulations is given in appendix J. 

 

 

Figure 41: Eigenvalues for the system with the DC voltage of the rectifier set to 1 p.u. and 0.5 p.u. 

 

Four eigenvalues are experiencing an effect to the decrease in the DC voltage at the rectifier. 

Two of them are non-oscillatory eigenvalues that is noticed to be become more negative. The 

two oscillatory eigenvalues that is observed to have an effect of the decreased DC voltage are 

the same as have been experienced to move in the other simulations as well. The new 

eigenvalues with Vdc = 0.5 p.u.  is presented in Table 6. 

 

Table 6: Eigenvalue for the system with the DC voltage at the thyristor-bridge rectifier set to 0.5 p.u. 
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It is interesting to observe that the instable oscillatory eigenvalue is moving straight to the 

left and becoming marginally stable.  

Taking a look at the active power from the synchronous generator in Figure 42. 

Figure 42: Active power from the synchronous generator with the DC voltage of the thyristor rectifier set to 0.5 p.u. 

 

Oscillations is still observed and the system has not become stable, but it is noticed that the 

oscillations frequency has increased to 2.63 Hz compared to the initial situation with an 

oscillation frequency of 1.18 Hz. 

 

 

7.4.3 Decreasing the DC voltage and the AVR gain Ka 

 

So far has the simulations with the thyristor rectifier not yielded a result which is consistent 

with the observations onboard the tug-boat when the rectifier was changed from a diode 

rectifier to a thyristor rectifier. It can however be believed that some additional tuning was 

done to the system when the rectifier was changed. Based on the simulation done so far in 

this thesis have a decrease in the AVR gain been able to stabilize the eigenvalues in addition 

to decreasing the DC voltage at the DC terminal of the thyristor rectifier to 0.5 p.u.  

A test to see if the combined effect of these two tests can enhance the stability is taken. The 

eigenvalues for the thyristor rectifier with Vdc = 0.5 p.u., 1 p.u. and a situation with Vdc = 0.5 

p.u. and the AVR gain set to Ka = 20 is presented in Figure 43. Time domain simulations and 

the tables with all the eigenvalues is presented in appendix J. 
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Figure 43: Eigenvalues for the thyristor rectifier with Vdc = 0.5 p.u., Vdc= 1 p.u. and Vdc = 0.5 p.u. and Ka = 20 

 

The previous oscillatory modes are acting on the change in the two parameters. The new 

eigenvalues for this situation with the DC voltage of the rectifier set to 0.5 p.u. and the AVR 

gain, Ka, set to 20 is shown in Table 7. 

Table 7:Eigenvalues for the thyristor rectifier with Vdc = 0.5 p.u. and Ka = 20 

 

 

The previous instable oscillatory eigenvalue which became marginally stable with the DC 

rectifier voltage set to 0.5 p.u. is now increasing its stability with both more movement 

towards the left on the x-axis and a lower damped frequency. 

For the time-domain analysis of the active power from the synchronous generator presented 

in Figure 44 is it now observed that the previous standing oscillations is damped out and the 

system is considered to be stable. 

Figure 44: Active power from the synchronous generator with reduced DC voltage of the rectifier. The scale is 5.72*10^(-01), 
or 0.572 p.u. 
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Currents 

The currents in the system is analyzed in an attempt to see why the decreased voltage at the 

DC terminal of the rectifier may contribute to enhanced stability. The currents in the system 

with the diode rectifier is shown in Figure 45. 

 

 

The observed time delay in the current cause by the rectifier is about 3.410-3.390 = 0.02 s.  

The currents in the system for the situation with the thyristor rectifier and the DC voltage set 

to 0.5 p.u. is shown in Figure 46.  

 

 

The time delay caused by the rectifier at this situation yields a time delay of 2.926-2.924 = 

0.002 s. This is a reduction in the time delay by a factor of ten compared with the diode 

rectifier. 

The observed transient disturbance by the rectifier seem to be of a less significant degree 

when the DC voltage is decreased to a lower value.  

 

 

Figure 45: Currents in the system with the diode rectifier 

Figure 46: Currents in the system with the thyristor rectifier with the voltage at the DC terminal set to 0.5 p.u. 
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7.5 Power System Stabilizer 

 

A power system stabilizer with speed as input named “PSS1A” is chosen to test if this can 

enhance the damping of the system. The reason for choosing this PSS is that it has a simple 

design and is easy to implement in the system. The block diagram of the PSS is given in 

appendix G. 

The instable oscillatory eigenvalue presented in Table 8 from the initial instable system is used 

for the design of the lead/lag filter. 

Table 8: Instable oscillatory eigenvalue used for design of the PSS 

 

Based on the phase lag obtained from the simulation program is it possible to calculate the 

first order filter for the PSS. 

𝑇1, 𝑇4 =  
1

𝜔1
∗ 𝑡𝑎𝑛 (45° +

𝜑

2𝑛
) =  

1

17.72
∗ 𝑡𝑎𝑛 (45° +

69,74

2 ∗ 1
) =   0.23 

𝑇2, 𝑇3 =  
1

𝜔1
∗ 𝑡𝑎𝑛 

1

(45° +
𝜑
2𝑛

)
=  

1

17.72
∗ 𝑡𝑎𝑛 

1

(45° +
69.74
2 ∗ 1

)
= 0.000706 

This yields the lead/lag filter used for the model: 

𝐹𝑖𝑙𝑡𝑒𝑟 = (
0.23 ∗ 𝑠 + 1

0.000706 ∗ 𝑠 + 1
) 

 

 

 

 

 

 

 

 

 

 



 

57 
 

The eigenvalues for the system with the PSS added is shown in Figure 47. 

 

Figure 47: Eigenvalues for the instable system with a PSS added 

 

No movement of interest is observed in the eigenvalues. It is further tried to increase the 

washout time constant to see the effect this will have. The eigenvalues for the increase in 

the washout time constant is given in Figure 48. 

 

Figure 48: Eigenvalues for the instable system during increase in the washout time constant 

The instable eigenvalue is increasing in both real and imaginary value when the washout time 

constant is decreased from Tw=1 to Tw=0.1. For the situation with Tw=10 a small decrease is 

observed in both real and imaginary value of the eigenvalue in question. 
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The effect of the gain is further tested to see if it will move the eigenvalue in any direction 

while keeping the same parameters for the filter and setting the washout time constant, Tw=1. 

The eigenvalues for this situation is presented in  Figure 49. 

 

Figure 49: Effect of changing the PSS gain 

The increased change in the gain of the PSS moves the eigenvalue to the right and increasing 

the oscillatory frequency of the eigenvalue. Decreasing the PSS gain to 0.5 gives a slight 

movement to the left and a decrease in the oscillatory frequency.   
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8 Discussion 
 

Based on the assumption that the synchronous generator in question may have been poorly 

damped, a study of the inertia constant was undertaken. The inertia constant defines the 

rotating mass of the rotor quantified to the machine rating. Increasing the inertia constant in 

a synchronous machine that is experiencing oscillations in the output parameters should 

increase the damping of the synchronous generator and ultimately reduce the observed 

oscillations. The inertia constant was tested in a specter from 0.1 seconds to 5 seconds. The 

system became marginally stable with an inertia constant of 2 seconds. When the inertia 

constant was further increased to 5 seconds it became fully stable and no oscillations was 

observed in the output parameters.   

The limited theory about this type of instability problem has got one very specific solution. 

The solution is to add an additional q-axis damper winding with the value of 0.546 p.u. to the 

rotor of the synchronous generator. This additional damper winding is designed to only work 

in the transient state and provide an extra dampening torque in this state. This is also 

discussed and concluded with in [6], [7] and [5]. This is the state were the synchronous 

generator is believed to operate due to the constant switching of the diodes in the rectifier. 

The system was stable and no instability was observed when adding the additional damper 

winding.  

Changing the internal parameters of the synchronous generator, or in this case, change the 

synchronous generator with a new one with similar MVA rating and voltage level yielded a 

stable system. This implies that the parameters of the instable 1940 kVA synchronous 

generator can be the cause of the poorly damping due to the fact that the rest of the system, 

i.e. simulation model, was kept constant. 

The simulations with the battery connected at the DC terminals made the system experience 

more severe instability problem with greater amplitudes of the oscillations and higher 

oscillation frequency. At a load close to the rated capacity of the synchronous generator the 

system was stable. The battery model used is however very simple and this model does not 

recreate the battery system that is used onboard the tug-boat. The battery should have been 

implemented with a control circuit that provided power when the power demand exceeded 

the power delivered by the synchronous generator. The battery used in the model was active 

all the time and this might have caused the system to be more unstable. The battery should 

also have risen the voltage at the DC bus during the situation with the load of 1.9 MW, which 

it did not.  

The AVR gain was reduced from 40 to 1 in order to see how the system would react to a change 

in the AVR settings. It was observed that the instable oscillatory eigenvalue moved to the left, 

becoming more stable and the oscillatory frequency of the eigenvalue was also observed to 

be reduced. The reduction in oscillatory frequency was also observed in the test done by the 
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manufacturer of the AVR when the instability in the system was first observed. Even though 

the eigenvalue became barely stable when the AVR gain was reduced to 1, it was poorly 

damped and oscillations was observed in the system after a about 60 s. It is also worth 

mentioning that a AVR gain as low as 1 will not yield a satisfactory control of the exciter voltage 

induced into the rotor of the synchronous generator.  

Based on information about an improvement of the stability by changing the rectifier on the 

tug-boat, it was tried to change from a full-bridge diode rectifier to a full-bridge thyristor 

rectifier. The result did however not yield a result that proved that a change of the rectifier 

was able to give a satisfactory stable system. This is however not very surprising having the 

theory presented in section 5 in mind. When the firing angle, α, of the thyristors in the 

thyristor rectifier is not controlled, the voltage will be the same at the DC terminals as for the 

diode-bridge rectifier. This means that the thyristor rectifier is basically working as a diode-

bridge rectifier and no difference should be noticed. 

Changing the firing angle, α, of the thyristor rectifier so that the DC voltage was kept at 0.5 

p.u. moved the instable eigenvalues in a straight line to the left and making it more stable. 

The real part of the eigenvalue became negative, but only barely and the eigenvalue was 

poorly damped, making the system unstable. The improved stability might have been due to 

the fact that the time delay for the currents in the system caused by the rectifier is observed 

to be smaller when the DC voltage is reduced. The transient instability caused by the rectifier 

might then be of a smaller degree seen by the synchronous generator. By changing the AVR 

gain to 20 in addition to reducing the DC voltage made the instable oscillatory eigenvalue 

become more stable and have a smaller oscillation frequency and ultimately provide a stable 

system. 

Adding a power system stabilizer to the model in order to enhance the damping was initially 

believed to be a valid solution due to the fact that other simulations related to improved 

damping yielded a positive result. This was however not observed. Whether it might have 

been poorly chosen parameters of the PSS or other factors is not answered in this thesis. A 

great amount of time during this thesis was used trying to implement a more advanced PSS to 

the model and optimize the parameters by using an optimizing method called particle swarm 

[17]. Due to time limitations and complications when connecting Matlab to Powerfactory in 

order to use Matlab for the optimization procedure of the eigenvalues in Powerfactory, it was 

not possible to finish this work and provide a valid solution. It is still believed that a PSS might 

be a solution for this kind of stability problem based on the fact that the key to solve the 

instability problem is related to enhancement of the damping of the synchronous generator. 
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9 Conclusion 
 

It can seem plausible to connect the cause of the observed instability to the synchronous 

generator in the system based on the simulations that proves that an increased damping in 

the synchronous generator make the system stable. The enhanced damping proved by 

increasing the inertia constant of the synchronous generator and the additional damper 

winding that was added to the synchronous generator gave a satisfactory result. The aim to 

reduce the short-circuit currents in the system and choosing parameters of the synchronous 

generator based on this might have been taken at the expense of the stability related to the 

synchronous generator. It is however observed that other components in the system amplifies 

the instability when operating together with the synchronous generator.  

The battery causes the instability to increase and the oscillations to become more severe. This 

can however not be concluded with in this thesis based on the fact that the model of the 

battery used is very simple and cannot recreate the actual system used onboard the tug-boat. 

The rectifier makes the synchronous generator experience a constant small transient 

disturbance during operation due to the switching of the diodes in the rectifier. This is an 

additional factor that increase the instability problem for a synchronous generator that can 

be characterized as marginally stable in the first place. It is however observed that by 

controlling the voltage at the DC side of the rectifier it is able to achieve a more stable system. 

This is believed to be more related to the reduced switching cycle of the thyristors compared 

with the diodes, more than it is related to the rectifier itself. 

Based on the fact that the increased damping by the inertia constant and the damper windings 

has yielded good result in relation to the system stability, it was believed that a PSS might give 

a similar result. The introduction of a PSS to the system has not yielded a satisfactory result 

and further work on this solution is recommended.  

To make the system stable it is evident that the damping of the synchronous generator has to 

be enhanced in some way or the other. Increasing the inertia constant or adding an additional 

damper winding requires a severe redesign of the system and might not be applicable.  

As a closing remark it should be noted that when designing systems where a synchronous 

generator is operating with a rectifier in an islanded system, a fair amount of attention should 

be directed to the synchronous generator and its internal parameters to ensure that a stable 

operation is achieved when the system is commissioned.  
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10 Further work 
 

 

 More work related to the implementation of the power system stabilizer. 

 

 Laboratory experiments to verify the findings. 

 

 

 Take a closer look into generator design based on the findings from the parameters study in 

[2]. 
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12 Appendices 
 

12.1 Appendix A 

 

AC1A AVR block diagram 

 

 

 

Figure 50: Block diagram AC1A AVR 

 

AC1A AVR parameters 

 

Table 9: AVR AC1A parameters: 
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12.2 Appendix B 

 

Two-stroke diesel engine: 

 

Table 10: Diesel engine parameters 

 

 

Governor: 

 

Table 11: Governor parameters 
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12.3 Appendix C 

 

Load plots without the battery 

 

Load = 1 MW 

 

 

 

 

 

 

 

 

 

 

Figure 51: Synchronous generator supplying a load of 1 MW through a rectifier. Voltage at AC side of rectifier, voltage at DC side of rectifier, exciter 
voltage, active power from the synchronous generator and the speed of the synchronous generator. 
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Load = 1.9 MW 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 52: Synchronous generator supplying a load of 1.9 MW through a rectifier with a load of 1.9 MW. Voltage at AC side of rectifier, voltage at DC 
side of rectifier, exciter voltage, active power from the synchronous generator and the speed of the synchronous generator. 
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12.4 Appendix D 

 

Load plots with the battery 

 

Load = 1 MW: 

 

 

 

 

 

 

 

 

 

Figure 53: Synchronous generator supplying a load of 1 MW through a rectifier with a battery connected at the DC terminal.. Voltage at AC side of rectifier, 
voltage at DC side of rectifier, exciter voltage, active power from the synchronous generator and the speed of the synchronous generator. 
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12.5 Appendix E 

 

Inertia constant 

H = 0.1 s: 

 

Figure 54: Synchronous generator supplying a load of 1 MW through a rectifier with H = 0.1 s. Voltage at AC side of rectifier, voltage at DC side of 
rectifier, exciter voltage, active power from the synchronous generator and the speed of the synchronous generator 
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H = 1 s: 

 

Figure 55: Synchronous generator supplying a load of 1 MW through a rectifier with H = 1 s. Voltage at AC side of rectifier, voltage at DC side of rectifier, 
exciter voltage, active power from the synchronous generator and the speed of the synchronous generator 
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H = 2 s: 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 56: Synchronous generator supplying a load of 1 MW through a rectifier with H = 2 s. Voltage at AC side of rectifier, voltage at DC side of rectifier, 
exciter voltage, active power from the synchronous generator and the speed of the synchronous generator 
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12.6 Appendix F 
 

Parameters for the new synchronous generator. 

 

Table 12: New generator parameters 

Parameter Symbol Value Unit 

Apparent power Sn 2  MVA 

Voltage Un 0.8  Kv 

Frequency f 65  Hz 

Armature resistance ra 0.0122 pu 

Leakage reactance Xl 0.25 pu 

Direct axis synchronous reactance Xd 3.1 pu 

Direct axis transient reactance X’
d 0.662 pu 

Direct axis sub transient reactance X’’
d 0.389 pu 

Quadrature axis synchronous reactance Xq 2.02 pu 

Quadrature axis sub synchronous reactance X’’
q 0.377 pu 

Direct axis open-circuit transient time constant T’
d0 4.85 s 

Direct axis short-circuit sub transient time constant T’’
d 0.0306 s 

Quadrature axis short-circuit sub transient time constant T’’
q 0.1715 s 
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12.7 Appendix G 

Powerfactory Model 

Governor: 

 

Figure 57: Block diagram for the governor 

 

Table 13: Diesel governor  parameters 
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AVR: 

 

Figure 58: BLock diagram for the PID AVR ESAC8B 

 

 

Table 14: EASC8B AVR parameters 
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PSS: 

 

Figure 59: Block diagram for the power system stabilizer 
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12.8 Appendix H 

Initial condition: 

 

Table 15: Initial eigenvalues for the instable system 

 

Figure 60: Initial oscillations observed in the Powerfactory model 
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12.9 Appendix I 

 

AVR test: 

Table 16: Eigenvalues for the system with the AVR gain, Kg, equal to 40 

 

 

Table 17: Eigenvalues for the system with the AVR gain, Kg, equal to 30 
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Table 18: Eigenvalues for the system with the AVR gain, Kg, equal to 20 

 

 

Table 19: Eigenvalues for the system with the AVR gain, Kg, equal to 10 
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Table 20: Eigenvalues for the system with the AVR gain, Kg, equal to 1 
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12.10 Appendix J 

 

Rectifier: 

 

Figure 61: Oscillations with the rectifiers DC voltage reduced to 0.5 p.u. 

 

Table 21: Eigenvalues for the situatuion with the thyristors rectifier voltage equal to 0.5 p.u. 
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Figure 62: Oscillations with the rectifiers DC voltage reduced to 0.5 p.u. and the AVR gain set to 20 

 

Table 22: Eigenvalues for the situatuion with the thyristors rectifier voltage equal to 0.5 p.u. and the AVR gain set to 20 
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12.11 Appendix K 

 

Table 23: Eigenvalues for the system without a PSS added 

 

 

Table 24: Eigenvalues for the system with a PSS added 

 

 

 

 


