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Abstract 

Electric propulsion with on-board DC distribution has become the solution for large 

marine vessels due to the growing concerns of environmental pollution, operating cost, and 

better dynamic performance as compared to the conventional combustion engine 

propulsion. Variable frequency operating diesel generators and azimuth thrusters are the 

primary components in such electrified ships, and it currently became prevalent. However, 

the mechanical failures among bevel gear, coupling, and bearing in the propulsion system 

are reported commonly, and it may be attributed to the harsh operating condition in extreme 

sea state. The diesel generator system suffers disturbance from the engine side and the 

electrical load side, whereas the azimuth thruster is subjected to extreme hydrodynamic 

load disturbances. These disturbances result in torsional stresses in the drivetrain and are 

the main reasons for failure.  One main advantage of using the electric propulsion is its 

flexible and instant torque control that can mitigate the adverse effect of torsional stress in 

the drivetrain. The electro-mechanical interactions and torsional vibration reductions using 

torque control were investigated in wind, steel, and automobile industries and solutions 

were suggested to reduce stress through advanced control of the power electronic converter. 

Similar studies can be carried out in marine propulsion system to explore potential electrical 

control solution to reduce fatigue and thereby prolong the life. This thesis is to develop 

advanced control strategies for mitigating electro-mechanical interaction and torsional 

vibration load in marine propulsion system which are excited due to extreme disturbances. 

This thesis is divided into four main parts: (1) Development of detailed models for marine 

propulsion system components (2) Development of power electronics based control 

algorithm to reduce elevated load levels induced during disturbances (3) Application of the 

proposed power electronic control algorithm to azimuth thruster and diesel generator 

system (4) Experimental validation of the proposed control algorithm on a multi-inertia lab 

test rig.  

In the first part of the thesis, detailed models are developed for 2 MW azimuth 

thruster and diesel generator system, and their transient responses are analysed under 

extreme disturbances. The azimuth thruster is tested under rapid ventilation, whereas the 

diesel generator is tested under engine transients and electrical load disturbance. 

Simulations with the detailed models have illustrated torque overloads, dynamic speed 

differences, torsional stresses, and potential damage to critical components. The results 
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show the need for an active torque control algorithm to manage the excessive drivetrain 

torque caused by a sudden load change. 

In the second part of the thesis, two control solutions are proposed to manage 

excessive drivetrain torque and torsional stress caused by the sudden load change. The 

proposed controllers can change the damping ratio and natural frequency by the 

introduction of virtual material damping and virtual stiffness in the system, and these 

changes can reduce resonant torque amplitudes in the driveline. Theoretical analysis and 

control gain design are presented for the proposed solutions and are benchmarked against 

solutions in other industries such as wind, steel, and automobile. 

In the third part of the thesis, the proposed solutions are applied to the marine 

propulsion system.  Active control gain design, positioning of sensors, and observer design 

are explained in detail in this section. The proposed solutions can reduce shaft over torque, 

torsional stresses, and vibration duration considerably in azimuth thruster and diesel 

generator system. The proposed solutions resulted in torsional energy transfer problem in 

DC link and which is solved using an effective torsional energy absorption system based 

on supercapacitor.   

In the final part of the thesis, a 1.2 kW multi-inertia test rig which emulates the 

drivetrain of an azimuth thruster is designed and is subsequently used to validate the 

proposed control algorithms. Simulation model for the test rig is developed using 

SIMPACK software and MATLAB, and initial verification of the proposed control 

algorithm is done. A power electronic circuit is created to induce extreme load fluctuations 

in the experimental setup.   The experimental results illustrated that the proposed solutions 

can reduce shaft over torque, dynamic speed difference, and torsional vibrations. 

Finally, the conclusions of the mentioned studies are presented, and future directions 

of the research work are discussed. 

Rapid ventilation- The propeller is momentarily lifted out of water due to rough sea 

state.  

Foreign body impact- The propeller crushing a block of ice or foreign body.  

Index Term: Azimuth propeller, diesel generator system, foreign body impact, 

electro-mechanical interaction, extreme sea condition, mechanical drivetrain, natural 

frequency, rapid ventilation, ship propulsion, speed control, torque control. 
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Chapter 1 Introduction  

1.1 Motivation 

Shipping is vital to the world economy. It is a critical part of international import 

and export market and supports the global distribution of goods [1].  Considering the future 

economic and energy developments, the CO2 emissions from shipping is predicted to 

increase between 50% and 250% by 2050 [2]. Electrical power generation, propulsion, 

cylinder deactivation, and variable frequency operation etc. are adopted in the marine 

industry to improve fuel efficiency, flexibility, and reduce emission. However, such 

implementation comes with the risk of damage from interactions between combined 

electrical and mechanical components. The electrically produced pulsating torque 

components can affect the mechanical system or the random disturbances attributed to 

engine transients, sea, and weather; it can also introduce torsional oscillation in the 

driveline components, which creates disturbances in the electrical network, affecting the 

system performance and efficiency [3-5]. 

The new trend on the electrified ship is on-board DC distribution [6-15]. With on-

board DC distribution, the advantages are improved efficiency, fuel saving, easy integration 

of energy sources, reduced size and rating of the switchboard, and elimination of reactive 

power flow etc. [7, 13]. The variable speed diesel generators and azimuth thrusters with 

controllable power electronic converters are the primary components in an on-board DC 

system.  These variable speeds generating points and azimuth thrusters are often subjected 

to highly fluctuating disturbance conditions [11, 16]. These extreme disturbances are 

divided into 3 major categories: 1. Engine borne mechanical disturbances. 2. Electrical load 

disturbances 3. Extreme manoeuvring conditions. The mechanical disturbances within the 

diesel generators like cylinder misfire, cylinder firing delay, and deactivation process can 

cause dynamic pressure changes within the combustion chambers and can affect the 

sensitive mechanical components [17-22]. The electrical system disturbances like heavily 

varying electrical loads, electrical short circuit, etc. create large changes in the electro-

magnetic torque of the generator, leading to elevated load levels in the mechanical driveline 

[7, 11, 16]. Extreme manoeuvring conditions like ice impact and rapid ventilation are 

related to azimuth thrusters [23-28]. These extreme manoeuvring conditions are 

characterised with large changes in the hydrodynamic loads on the propeller blades and 
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dynamic responses of the shafting systems. The large hydrodynamic forces will directly 

propagate to the bevel gears and bearings leading to their premature failures [26]. Therefore, 

an investigation of the electro-mechanical interaction in diesel generator and azimuth 

thruster system in an on-board DC distributed ship under extreme disturbances will be 

helpful for proper designing of ratings of the components, as well as for exploration of 

active protection schemes. 

To understand the dynamics of disturbance condition and to propose potential active 

protection solutions using simulation method, the modelling of mechanical driveline 

components, operating characteristics, and electrical system characteristics are necessary. 

For control and operation under electrical disturbances, the detailed modelling has often 

been limited to the electrical components with the mechanical components treated as a 

single simplified inertia [4, 29-38]. Such an analysis has not given much information 

regarding electro-mechanical interaction, component durability, and vibrations. Current 

marine propulsion system models cannot analyse the impact of electrical transients and 

mechanical disturbances simultaneously. This limits their ability to predict the potential 

failure and to propose a novel control schemes for a reliability improvement. 

The current state of art of analysis of shafts and gearboxes with high fidelity uses 

Finite Element Modelling (FEM) approach. However, the price of significant computation 

time prohibits FEM from use as a design optimization and control system design tool. For 

torsional and electro-mechanical interaction studies, the investigation is limited to first few 

natural frequencies which can be excited due to extreme disturbances [39-41]. The most 

common approach to mechanical system is lumped parameter modelling, where a complex 

system is simplified into spring-mass model [40]. This modelling approach can give 

sufficient accuracy when analysing torsional vibration modes with an added advantage of 

lesser computation time.  Since, this thesis is aiming at the torsional and electro-mechanical 

interaction phenomena and suitable controller design to limit the vibration loads, such 

lumped parameter modelling approach is used, and the electrical control models are 

integrated. 

Electro-mechanical interactions have been investigated in wind energy and 

automobile industries, and solutions have been suggested to reduce stresses through 

advanced control of the power electronic converter [42-48]. A similar analysis can be used 
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in marine propulsion systems and potential electrical control domain, wherein the solutions 

developed can be used to reduce fatigue, thereby improving the longevity.   

The main motivation of this thesis is to systematically develop detailed models for 

marine propulsion and power generation system in an on-board DC distributed ship with a 

focus on electro-mechanical interaction and transient torsional resonance phenomena 

excited due to extreme disturbances.  The developed models are used to create a power 

electronic based controller to reduce dynamic loading and torsional resonance. 

1.2 Objectives 

The objectives of this research are 

 Study the failures reported in the marine industry and identify the limits, regions, 

and controllability of electrical domain solutions.  

 Develop detailed system level models for marine propulsion system to investigate 

the transient behaviour, dynamic loading, and torsional vibrations excited by 

extreme disturbances. 

 Development of novel power electronic based controller to reduce fatigue on 

electro-mechanical systems (Vibration suppression control) and benchmark with 

other industrial solutions. 

 Application of the proposed control in marine systems and identify the influence of 

the proposed solutions on the DC link. 

 Validate the proposed control solution using experimental data. 

 Generalisation of the proposed control algorithm and application in different 

engineering fields. 

1.3 Major contributions of the thesis 

1. Developed detailed model of a marine diesel generator system which includes 

cylinder pressure, mechanical driveline system, electrical generator characteristics, 

and control system of active front end converter. The model is developed using 

MATLAB/Simulink and SIMPACK software.  The developed model can simulate 

engine related transients as well as electrical load disturbances with essential 

information regarding dynamic loading, torsional vibration, and stress distribution 

patterns.  Modelling of the diesel generator and control design has been partly 

published in IEEE Transaction on Transportation Electrification [A1]. 
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2. A detailed system level model for azimuth thruster which integrates propeller load 

characteristics, mechanical driveline system, electrical motor characteristics, and 

control of inverter is studied. The model is developed in MATLAB/Simulink and 

SIMPACK software environment. The developed model can simulate azimuth 

thruster responses under extreme sea conditions with the focus on dynamic loading, 

resonance vibrations, weakest links, and stress distribution pattern. Modelling of 

the azimuth thruster has been published in IEEE Energy Conversion Congress Expo 

[A5]. 

3. Developed power electronic control algorithms that mitigate the dynamic loading, 

torsional oscillations in shaft, and dynamic mismatch between the machine and 

mechanical drivetrain are also taken into consideration. The solutions are based on 

speed difference and shaft torque and require additional sensors to be installed in 

the driveline. The proposed control algorithms introduce additional virtual stiffness 

and virtual material damping in the driveline to increase the damping ratio and 

natural frequency. These improvements can mitigate dynamic torque effects in the 

driveline which are excited due to extreme disturbances. The control gain design is 

explained using a simplified two-inertia system. The proposed control solutions are 

compared with other industrial solutions and found better in terms of performance. 

The reduction of torsional vibration using shaft torque information and resonant 

controller has been submitted as a patent with Rolls- Royce PLC and is currently 

under review phase [A4]. 

4. Validation of the proposed control algorithm using simulation method in diesel 

generator and azimuth thruster models is studied. Along with it, the development of 

an effective torsional energy absorption system to deal with the transient energy is 

also looked upon for the research. The application of Speed Difference Feedback 

(SDF) solution in azimuth thruster is published in IEEE Transaction on Industrial 

Electronics [A2]. 

5. Design and development of a 1.2 kW multi-inertia experimental test rig analogues 

to azimuth thruster to validate the proposed control algorithms using commercial 

inverter was considered. 
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1.4 Organization of the report 

The current chapter has discussed the motivation, objectives, and novel contribution.  

1. Chapter 2 reviews the electrical propulsion and failures reported in the marine 

industry. An overview of detailed modelling approaches is also given.  It also 

discusses the solutions for mechanical vibrations reported in the literature.  

2. Chapter 3 describes modelling of diesel generator and azimuth thruster. This chapter 

also discusses characteristics of a propeller and engine generator under extreme 

disturbances. The modelling and control gain design is explained in detail in this 

chapter. Simulations are carried out in diesel generator and azimuth thruster system 

under transient conditions. The azimuth thruster is tested under rapid ventilation, 

the diesel generator is tested under engine transients and electrical load disturbance.  

The electro-mechanical interaction and torsional oscillations observed are 

investigated in this chapter. 

3. Chapter 4 explains proposed control solutions for reducing torsional vibrations and 

electro-mechanical interaction. The transfer function approach based on two-inertia 

model is used for theoretical verification and control gain design. The physical 

significance and working principle of the proposed solutions are explained in detail.  

The comparison of the proposed solutions with other industrial solution is presented 

in this chapter. 

4. Chapter 5 describes the application of the proposed control solutions in azimuth 

thruster and diesel generator system. The observer design and placement of sensor 

are explained in this chapter. To deal with the transient energy induced by the 

proposed controls, a transient energy absorption scheme based on supercapacitor is 

designed and explained in this chapter.  

5. In Chapter 6, a 1.2 kW multi-inertia test rig is designed. Development of SIMPACK 

model of the test rig and its integration with electrical control models in MATLAB 

Simulink is presented. The design of power electronic circuit breaker to induce 

extreme load fluctuations in the experimental setup is explained.   The analysis of 

experimental results for torsional vibration reduction is also discussed. 

6. Chapter 7 provides conclusions and outlines the directions of future work for this 

thesis. 
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Chapter 2 Literature Review 

2.1 Electric propulsion 

The advancements in power electronics, magnetic materials, and manufacturing 

technologies have resulted in an increased integration of electric propulsion systems in 

commercial and military ships [49, 50]. Electric propulsion system replaces the direct 

mechanical coupling between the diesel engine and propeller with an electric power system, 

with the power production split into smaller sized engines. Energy management can be 

easily controlled, and fuel consumption can be reduced depending on the operating load 

profile. More importantly, dynamic performance can be improved, as electric machine can 

be controlled by power electronic devices instead of mechanical components.  

The traditional configuration of a mechanical propulsion system is illustrated in Fig. 

2.1. A high capacity diesel engine is directly connected to main propeller through long 

mechanical shaft and a reduction gear. The electrical energy required for service and hotel 

loads is supplied by smaller sized auxiliary diesel generators. In electrified ships, 

propulsion, service, and hotel loads are supplied by a combination of smaller sized diesel 

generators. The power system configuration in such an electrified ship can be of alternating 

current nature or direct current nature. 

 

Fig. 2.1 Traditional mechanical propulsion system [51]. 
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The configuration of an on-board AC system is illustrated in Fig. 2.2. In AC 

distribution system, the diesel generators are directly connected to the AC bus without 

having any power electronics element. The disadvantages with the AC distributions 

systems are the need for generators synchronization, large reactive power flows [7, 13]. 

Furthermore, transformers are required for supplying lower voltage distributions systems 

[13]. Moreover, in AC distributions systems the diesel engines are operated at a fixed 

frequency and voltage. This makes it impossible to optimize the fuel consumption by 

operating the diesel engine at their optimal speeds [52]. The on-board DC distributed 

system is shown in Fig. 2.3. In on-board dc distribution system power electronic converters 

are used for AC to DC and DC to AC power conversion. The diesel engines are then not 

limited to a single frequency operation, and generator synchronisation is no longer required. 

The modified configuration has resulted in additional benefits such as improved efficiency, 

fuel saving, easy integration of energy sources, reduced size and rating of the switchboard, 

and elimination of reactive power flow [52]. A weight saving of about 30% and a fuel 

saving of 20% are reported in the literature [11-15]. Although the on-board DC concept has 

many benefits, the limitations and challenges also requires an equal consideration. The 

various limitations and challenges associated with on-board DC systems are high short-

circuit currents, the requirement for expensive and reliable DC protection coordination, 

power management and power quality issues due to cyclic or non-cyclic load transients, 

and lack of standards for voltage variations and Total Harmonic Distortion (THD) [15].  
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Fig. 2.2 On-board AC system [53]. 
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Fig. 2.3 On-board DC system [53]. 

2.2 Drivetrains in electric propulsion systems 

Propulsion designs have advanced a long way from a single shaft direct engine-

propeller connection to a 360 degrees rotatable azimuth thruster. Such thruster, while 

expensive, benefits the ship by combining both propulsion and steering ability. Azimuth 

propulsions are commonly separated into Z-type and L-type. Z-type is connected directly 

to a horizontal rotational power and the driving torque is transmitted through two right-

angled gearboxes to the propeller; refer to Fig. 2.4 (a). L-type is connected to a vertical 

rotational power and the driving torque is transmitted from vertical to horizontal propeller 

through a single right-angled gear box, refer to Fig. 2.4 (b). Normally a Z-type azimuth 

propeller is connected to an induction machine and an L-type azimuth propeller is 

connected to permanent magnet synchronous machine. A flexible coupling connects the 

electrical machine to the thruster driveline.  
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Fig. 2.4 (a) Z-type azimuth thruster (Left) (b) L type azimuth thruster (Right) [54]. 

The drivetrain configuration of a diesel generator in an electrified ship is shown in 

Fig. 2.5. The diesel engine drives generator through flexible couplings and bearings. The 

internal structure of the engine consists of a piston, connecting rod, crankshaft, cylinder, 

counterweights, and flywheel. The generator in marine application can be synchronous 

machine or permanent magnet machine. 

 

Fig. 2.5 Drivetrain of a diesel generator [55]. 
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2.3 Extreme loads and disturbances in marine propulsion 

systems 

The extreme loads are the forces and moments that affect the reliability of the 

drivetrain in an electro-mechanical system during its operating stage. The extreme loads 

can be from the internal structure of drivetrain or from an external source. The design of an 

electro-mechanical system depends on the correct identification of its extreme loading 

conditions. The diesel generators and the azimuth thrusters are the major electro-

mechanical systems in an electrified ship, and proper identification of their extreme 

loadings are required.  

The external source of disturbance in diesel generator can be from the electrical load 

side induced by a sudden blackout, or a dead short circuit, or sudden switching of an 

electrical load. The engine characteristic is also a continuous source of torsional vibration 

in diesel generator whose effects are limited using proper flexible coupling and flywheel. 

However, operating conditions such as cylinder misfire, fuel injection delay, or cylinder 

deactivation can result in extreme forces in the diesel generators where the damping effects 

of the flexible couplings are limited. The extreme disturbances in azimuth thruster are 

characterized with large changes in hydrodynamic forces on the propeller blades and 

dynamic responses of the shafting systems. The examples for these extreme conditions are 

cavitation, foreign body impact, ice impact, thruster-thruster interactions, and rapid 

ventilation in which the propeller is momentarily taken out of water. 

2.4 Electro-mechanical interaction 

The on-board AC, as well as DC distribution system comes with risk of interactions 

between the electrical and mechanical components. All power electronics designs produce 

harmonics which can result in pulsating torque components that interact with mechanical 

components adversely affecting rotor shaft systems [56]. The diesel engines can suffer 

disturbances from engine side as well as electrical load disturbances. These disturbances 

can create elevated load levels in the driveline. Conversely, marine ships are subjected to 

random load attributed to the sea and weather conditions causing propulsion load 

fluctuations. They in turn introduce disturbance in the electrical network, which appears as 

voltage and frequency variations, affecting performance and efficiency [3-5].  
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Torsional oscillations on the mechanical equipment can have significant impact on 

its lifetime. Minor electrical torque oscillations, with amplitude less than 1% of nominal 

torque, can have significant impact if the frequency matches the natural frequency of the 

mechanical system. Large drivetrains generally have high moment of inertia, high torsional 

stiffness, and low natural damping of torsional modes [56]. Low mechanical damping in 

high powertrain is one of the main reasons for torsional interactions between power system 

components and the mechanical drivetrain. Larger drivetrains have multiple natural 

frequencies. It is highly likely for these natural frequencies to coincide with the significant 

electrical harmonics during operation rev up. When a system oscillates at natural frequency, 

the resulting mechanical torque amplitude is high enough to damage the components in the 

rotor shaft system. The first natural frequency is typically found at sub-synchronous 

frequency and torsional oscillation can be excited by events such as sub-synchronous 

resonance (SSR) phenomena in power systems [57]. A vibration from shaft systems due to 

loadings encountered by marine vessels, torque impulses when propeller blade cuts the 

wake of the ship, generates vibration energy which is reflected in electrical systems. Surges 

of energy in the system when uncontrolled may result in damage of sensitive equipment. 

The studies done so far for electro-mechanical interactions and failures in marine 

studies have been summarized in Table 2.1. The propulsion load effect on generators and 

degradation in power quality due to propulsion load variations in on-board AC distribution 

system are investigated in [5]. The analysis mainly considered the electrical characteristics 

of the of the distribution network such as voltage and frequency and used a simplified single 

inertia representation for the mechanical system. As a result, the information of dominant 

torsional modes and component vibrations are not captured.  Experimental validation of the 

effect of propulsion load variation on system wide components in on-board AC distributed 

ship is analysed in [58]. The analysis considered the effect of hunting in the generator and 

prime mover controls, but the mechanical component vibration aspects are not examined. 

The dynamic interaction of voltage and frequency controls and its effect on generator power 

stability is investigated in [59]. Simplified mechanical system representation was the 

limitation in [59]. The sub-synchronous resonance phenomena and subsequent shaft 

torsional vibrations on an on-board AC distributed diesel generator system is examined in 

[60]. The analysis did not consider the diesel engine dynamic pressure characteristics even 

though a detailed mechanical system model is used. The dynamic effect of thruster motor 

starting on voltage and frequency in an on-board AC distributed ship power system is 
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studied in [61]. The dynamic speed variations are analysed in detail by using a simplified 

single inertia representation for both thruster and diesel generators, but the shaft torque 

torsional vibrations effects are not considered in [61]. In [62], a detailed system level model 

is proposed for doubly fed induction motor operating as a shaft generator for power 

production and electric propulsion purposes.  The converter control aspects, electro-

mechanical interaction, and journal bearing failures are discussed [62]. The proposed 

system level model in [62] is not universal and can only be used for the study of on-board 

AC ship system because doubly fed induction motor can only be integrated in AC system. 

But, the system level modelling principals used is important and has been taken in this 

thesis for the development of system level models.  

Table 2.1 Summary of literatures about electro-mechanical interaction in marine 

Research gap 

addressed 

Key concerns Literatures 

Disturbance in 

electrical 

components 

Propulsion load effect on generators 

Propulsion load effect on system wide components 

Degradation in power quality due to load variations 

Generator and power stability in ship island grid 

Sub-synchronous vibration in AC-DC systems 

Thruster motor start-up effect on electrical 

components 

[5] 

[58] 

           [5] 

         [59] 

[60] 

[61] 

Mechanical shaft 

vibration 

Doubly fed induction motor effects on mechanical 

shafts and bearings. 

Extreme sea state conditions effect on shafts and 

gears 

Failure Analysis 

[62] 

 

      [23-25] 

[24, 26, 63] 

Propulsion electrical 

characteristics 

Effect of operating conditions on electrical system. 

Thrust loss effect on electrical system and 

suppression 

[28] 

[33] 

Control of marine 

power systems 

Electrical system control 

Ship dynamics effect on marine power system 

Torque and power control 

  [30-31, 34] 

          [35] 

[36] 
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The dynamic effects of extreme sea conditions such as rapid ventilation on azimuth 

thruster is analysed in [23-25]. The studies have considered detailed mechanical drivetrain 

model and propulsion load characteristics, but the electrical system characteristics were 

omitted. The azimuth thruster and diesel generator failure reasons are investigated in [ 24, 

26, 63]. The potential failure reasons points to torsional vibration and pitting resulted due 

to extreme sea state. The operational profiles of an on-board AC distributed electric 

propulsion ships and the power electronic system level configuration are discussed in [28], 

but the mechanical models and vibration effects are not included.  In [33], the thrust loss 

effects are analysed on an electric propulsion ships without detailed mechanical drivetrain 

models. Literatures [31-32, 34-36] have analysed various thruster motor drive control 

algorithms such as speed, power, and torque control methods with detailed propeller load 

characteristics under normal and extreme sea conditions.  

Most of the literatures available in marine industry has considered either detailed 

electrical system models with simplified mechanical models or vice versa. Only limited 

literatures are investigating integration of all the detailed models to predict electro-

mechanical interaction [62], failure reasons, and proposal of an active protection solution 

Hence, efforts are put in terms of modelling and control in this thesis to address the research 

gap.  There are works of modelling and electro-mechanical interactions in wind and 

variable frequency drives fields whose phenomenon can also be found in marine 

applications [42, 45, 46, 56, 64-68]. 

2.5 Modelling 

Electro-mechanical interaction studies are concerned with oscillatory motions of 

bodies, forces, torques, and moments associated with them. Initialization takes place when 

energy is imparted to the system by an external source. Vibration takes place in multitude 

of engineering systems, and when uncontrolled may lead to catastrophic failures. For 

example, vibration resulting from dynamic unbalance of helicopter rotor blade may result 

in loss of control and crash. Also, the vibration in powertrain system will lead to 

degradation of shafts and gearboxes in a vehicle.  

The number of coordinates required to describe completely the positions of all the 

parts of a system at any instant are called the degree of freedoms (DOF) of the system. For 

a system with n-masses, there will be n number equations of motion and is called n-DOF 

system. From the equation of motion, natural frequencies of a system can be obtained. 
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Under an arbitrary initial excitation to the system, the resulting free vibration will be a 

superposition of the natural modes of vibration. However, under external harmonic force, 

the resulting forced harmonic vibration takes place at the frequency of the applied force. 

When the forcing frequency matches the natural frequency of the system, resonance 

(amplitude of coordinate will be maximum) occurs. In engineering design, calculations are 

done first to seek out the natural frequency of a system and to actively avoid operation in 

that region. Another type of disturbances are step and impulse loads on the system which 

can excite all the modes of the system simultaneously, in which the highest amplitude will 

be contributed by the first natural frequency. Avoiding the resonant frequency operation 

may not be sufficient enough to remove detrimental effects of step and impulse loads. 

The modelling of a two inertia system with damping is explained in [69]. The concept 

outlined in [69] can easily be extended to a multi-inertia system [70-71].  

2.6 Countermeasures for electro-mechanical interaction problem 

The electrical system, diesel engine characteristics, and propulsion load 

characteristics in marine systems are connected to the mechanical driveline through various 

torque inputs. Any sudden change in these torque inputs (due to mechanical disturbance or 

electrical load disturbance or extreme sea conditions) will cause first natural frequency 

vibrations. Torque oscillations at the natural frequencies can be very harmful to the gearbox, 

couplings, and bearings. Design criterions and operational limitations have been specified 

by the shipping industry to ensure proper safety of the ship and the propulsion unit [72]. 

Besides these design criterions and operation limitations, the torsional vibrations can also 

be limited by using proper countermeasures.  

2.6.1 Mechanical solution 

Limitation of mechanical countermeasure is the need to consider such an option 

during the design stage as it typically involves additional components as part of the solution. 

Mechanical countermeasure offers higher reliability but are less flexible and have higher 

initial cost. The most common solution is to shift resonant frequency [73] by changing the 

stiffness or inertia (changing materials, diameters and length during design stage) of the 

drivetrain. E.g. flywheels have been added to the main shaft, when resonant frequency is 

known and fixed, to solve torsional interaction problem. Another common way is to add a 

viscous damper, a flywheel which contains viscous fluids, that provides shear motion of 

fluid between internal flywheel and damper housing. Another approach is to add soft 
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coupling with damping components [73], to detune the natural frequency of the shaft or 

increase overall damping in the system. One more approach is to add a passive absorber 

with inertia, stiffness, and damping attached to the primary mechanical system. It adds to 

create anti-resonance effect [73]. However, in doing so, additional natural frequency is 

introduced to the system. 

2.6.2 Electrical control solution 

Avoidance of resonant frequency is the most direct method employed in operation 

which is achieved by limiting operation range or bypassing the resonance region. However, 

in marine powertrains, torsional excitation could also come from the load profile. Active 

compensation is similar to noise cancellation, where an additional forced vibration is 

introduced to cancel the disturbance. This control method is largely associated with the 

controller and is done by applying a counter electro-magnetic torque which suppresses the 

harmful effect of first natural frequency oscillation. 

2.6.3 Passive countermeasures 

Passive countermeasures aim to separate the electrical machine from the critical 

natural frequency of the mechanical system, and this can be achieved by using a static 

blocking filter or bypass damping filter [56]. The main limitations of these control 

techniques are additional cost to the system manufactures, ineffectiveness for load induced 

vibrations, and complexity while integrating with variable frequency drives. Another 

passive approach that is generally used with variable frequency drives is called jump 

frequency. The variable frequency drive is capable to skip over any resonant frequencies 

that occur in the mechanical equipment using a jump frequency function. If the resonant 

frequencies are already known, they can be skipped in the acceleration and deceleration 

process by providing a dead band around the resonant frequencies. Fig. 2.9 shows how the 

critical frequencies are removed from the operating characteristics. The exclusion of critical 

frequencies may result in toggling of the system when it is required by the process to 

operate at critical speeds. This is a major disadvantage of the jump frequency method. [74]. 
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Fig. 2.6 Jump frequency in the acceleration and deceleration modes [74]. 

2.6.4 Active counter measure 

These solutions can be broadly classified in to two 

 Using auxiliary power electronic converter and control. 

 Changes in the control system of the main power electronic converter. 

Using auxiliary power electronic converter and control 

The use of an auxiliary power electronic converter for torsional vibration reduction 

was investigated in [56, 75-76]. The implementation block diagram of this method is 

illustrated in Fig. 2.7. Normally, the auxiliary power converter has a power rating equal to 

5% of the nominal power. The methods use torque sensors as a sensing instrument for 

detecting the presence of torsional vibration on the shaft. From the detected torsional 

vibration, a damping torque is generated by the additional power electronic converter. The 

torsional energy induced by the control action is either dissipated or can be stored in the 

DC link of the additional power electronic converter, and accordingly, they are classified 

as resistive damping and inductive damping system.  

The auxiliary power converter in the resistive damping method is shown in Fig. 2.8. 

It consist of a 3 phase diode bridge rectifier, a pre-charging resistor  𝑅2 , DC link 

capacitors 𝐶1 and 𝐶2, damping resistor 𝑅1, and a chopper 𝑆1. The torsional energy induced 

by the control action is dissipated in the resistor 𝑅1.  The inductive damping auxiliary 
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converter system is illustrated in Fig. 2.9. It consists of bidirectional converter along with 

an inductor. The inductive damping system is able to store and release torsional energy 

while the restive damping system is only able to dissipate the torsional energy.  

  The main limitations of both these control methods are the use of an extra power 

electronic converter which results in extra losses in the system, extra cost, and additional 

control complexities.  
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Fig. 2.7  Active damping using auxiliary power electronic converter [56]. 
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Fig. 2.8 Auxiliary power electronic converter for resistive damping [75]. 
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Fig. 2.9 Auxiliary power electronic converter for inductive damping [76]. 

Changes in the control system of the main power electronic converter. 

The torsional vibration damping by changing power converter control has been 

studied extensively by many researchers. The elastic coupling between the electrical 

machine and the mechanical system acts as a source of vibration that affects the reliability 

of mechanical components. The problem was first formulated for speed control in industrial 

applications such as rolling-mill drives, robotic, arms and servo systems, with most of the 

work focussing on the optimisation of the speed controller. A reduced speed controller 

bandwidth for vibration reduction was investigated in [77], but the main limitation of this 

speed controller was slow dynamic performance, which is also not desirable. PI/PID 

controller optimising methods to improve the system performance was investigated in [78]. 

The main limitation of this technique is its inability to reduce vibration when the inertia 

ratio becomes near to unity. Vibration reduction techniques based on model predictive 

control, sliding mode, fuzzy logic, and genetic algorithm approaches were reported in the 

literature [79-85]. The implementation of these advanced control methods is 

computationally expensive which makes real-time application in the marine environment 

challenging. Speed controller optimisation and tuning cannot be a perfect solution in the 

marine industry, as in the diesel generator speed control is performed on the engine side 

and as the marine thrusters are mostly operated in the torque control mode without outer 

speed loop. Hence, there is an opportunity to propose an active protection method for the 

first natural frequency, which can be applied on the generator as well as on the thruster.  
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Apart from sophisticated tuning of the speed controller, the torsional oscillations can 

also be suppressed by employing additional feedback loops. Full state-feedback [86, 87] 

has been the most promising approach, but it requires unknown information such as the 

shaft torque for satisfactory operation. Usually, this variable alongside the load speed and 

torque is estimated using a reduced-order Luenberger observer [88, 89] or Kalman filter 

[90-92]. Both these methods are very much sensitive to parameter variations. The 

application of opposing torque for reducing the transmitted vibrations in diesel engine 

system has been explained in [93-97] considering mainly engine harmonics and hull 

vibrations. Other vibration suppression strategies include the feedback of derivative of the 

estimated shaft torque [98]. The low-pass filter inserted after the differentiator degrades the 

dynamics of the drive. Furthermore, the estimator is open loop in nature; making it 

susceptible to mechanical parameter variations [99]. Load acceleration [100], machine 

acceleration [45, 46] have also been applied as a feedback signal for vibration suppression, 

but this method suffers from noise amplification. The standard industrial solution for 

torsional vibration reported in the industry is the feedback of machine speed through a 

band-pass filter tuned to the first resonant frequency [3, 43, 45, 101, 102]. This method is 

simple and can provide a specific amount of damping for the first torsional frequency with 

a limitation of poor performance during model uncertainties. Active damping by flux 

control is primarily designed to avoid torsional interactions in large synchronous generators 

[103]. In this scheme, the flux is modulated using the measured torsional oscillation 

information including speed, torque, or current. The generator will produce a torque 

component which is antiphase to the torsional oscillation. The delay in the flux controller 

can impart problems in the control structure. The damping of torsional interaction in other 

electrical machines using flux control is not really dealt in any of the literatures.  

The protection of electro-mechanical components in a ship is very crucial since the 

safety is the primary concern in shipping industry. The mechanical solutions, passive 

solutions, and additional power electronic converters results in extra cost to the system 

manufactures while the control system change of main power electronic converter may not 

result much cost burden. Hence, the available solutions are compared based on their 

estimated cost to see which control method is the most viable in terms of economical 

perspective. The data for the estimating the cost of power electronics components, filter 

components, and torque sensor are obtained from [104-106]. The auxiliary power electronic 

converter in this study is rated to be 200 kW which is near to the 10% of the main power 
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electronic converter while the passive counter measures needs to be rated at the full rated 

kVA.  

Table 2.2 Estimated cost for different countermeasures.  

Method Description Components  Cost (USD) 

Passive 

countermeasures 

Static blocking filter Inductor + Capacitor 10000 

Bypass damping filter Resistor+ Inductor +  

Capacitor 

10500 

Jump resonance ---- ---- 

Auxiliary power 

electronic converter 

and control 

 

Resistive damping Transformer+ Diode rectifier+ 

Capacitor+ Resistor+ Chopper 

system+ Torque sensor 

25000 

Inductive damping Transformer+ Voltage source 

converter+ Inductor+ Torque 

sensor 

25000 

Changes in the 

control of main 

power electronic 

converter 

Without addition of extra 

sensors 
------ 

----- 

Addition of extra sensors Torque sensor 

Speed sensor (Encoder) 

17500 

1000 

From the estimated cost of the various countermeasures, the best possible solution is 

changes in control system of the main power electronic converter without the inclusion of 

any extra sensors by relying on estimation and observation methods. Even if inclusion extra 

sensors are required, the speed sensor (Encoder) will be preferred choice. 

2.7 Conclusion 

This chapter gives an insight into the electro-mechanical interaction phenomenon 

reported in the marine industry. The basics for modelling the resonance problem in 

mechanical system are discussed. The solutions reported in literatures for reducing electro-

mechanical torsional interaction in various fields are briefly reviewed. The solution is either 

by passive means which increases the cost or through active means by using controller 

action. In the marine application, only control solutions with no change in power electronic 

configuration will be explored as these methods can be applied without additional cost.  

The next chapter focusses on the modelling of electro-mechanical interaction 

problem in marine propulsion systems. Multi-body modelling, in which individual 

driveline components represented as inertia connected through spring, is adopted to 
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approximate the dynamics of mechanical system.  The two-inertia system motion equations 

developed are extended to multi-body models.  
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Chapter 3 Modelling and Control of Marine 

Propulsion Systems 

3.1 Introduction 

Today research on electrified ships is gaining more momentum to meet the ever-

growing demands in energy efficiency requirements, dynamic performance, as well as 

pollutant gases emission standards [7, 8, 11]. The working principle of the electrified ship 

is the utilisation of electric power for the propulsion of marine thrusters. An azimuth 

thruster driven by an inverter fed induction motor and a diesel generator with active front 

end converter are the conventional configuration found in modern electrified ships. In the 

azimuth thruster, the propeller is coupled to an electric motor via a flexible coupling, 

bearing, bevel gears, and drive shaft systems, and in diesel generator the diesel engine is 

coupled to the generator through flexible couplings and bearings. When a transient state, 

for instance, a sudden change in load due to extreme disturbance is invoked, the propeller 

and the engine speed may differ from that of the electrical machine substantially. 

Consequently, the driveline components experience a massive torsion torque; stressing and 

eventually leading it to mechanical failure of bevel gears, couplings, and bearings [26, 27]. 

Therefore, the analysis of these extreme disturbances has been arisen for more reliable 

marine propulsion system. Real-time analysis with actual system components will not be 

feasible in such multi-megawatt systems because the amount of cost involved as well as the 

difficulty in realising the extreme disturbances. Modelling and simulation have been used 

effectively in wind and vehicle industries for design, optimisation, and failure 

investigations. Similarly, such analysis can be carried out in marine propulsion components 

to facilitate design, identify stresses, and failure reasons. The modelling is done using 

MATLAB Simulink software and SIMPACK software. The mechanical system 

components are modelled using multi-body modelling approach in SIMPACK, the 

electrical system components, controllers, and extreme disturbances are modelled in 

MATLAB Simulink and co-simulation is done. 

In the first part of this chapter, the modelling of diesel generator and control gain 

designs are explained. The modelled system is simulated under electrical load disturbances 

and mechanical load disturbances. The results are analysed for torsional vibrations and 



 Modelling and Control of Marine Propulsion Systems 
[4]  

24 

torque over loads. Modelling of the diesel generator and control design has been partly 

published in IEEE Transaction on Transportation Electrification [A1]. 

In the second part of this chapter, azimuth thruster is modelled, and its performance 

is tested under rapid ventilation in torque control mode as well as in speed control mode. 

The modelling of the azimuth thruster and simulation results under extreme disturbance has 

been partly published in 2016 IEEE Energy Conversion Congress Expo [A5]. 

3.2 System modelling 

Figure 3.1 illustrates the typical configuration of an on-board DC distribution with 

multi-drive approach. The diesel generator system with active front converter and azimuth 

thruster with inverter which are shown inside red dotted line are the major components of 

research in this thesis and the thesis aims to develop a control solution to reduce the 

torsional vibration load to improve reliability in these electro-mechanical systems. Hence, 

unit level analysis of diesel generator and azimuth thruster is required. The best way to go 

for the unit level analysis with minimum computational and modelling efforts is by using 

the decoupled approach. In the decoupled approach, the diesel generator is modelled 

separately with its load characteristics represented as a current sink. Similarly, in the 

azimuth thruster the source voltage is modelled as a constant voltage source.   
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Fig. 3.1 On-board DC system [7]. 
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3.3 Diesel generator modelling 

The component level representation of the diesel generator with electrical load 

characteristics is shown in Fig. 3.2. The system includes, 

1. Engine cylinder geometry, engine speed controller, and pressure supply 

2.  Diesel and generator mechanical system 

3.  Synchronous generator and the field regulator 

4.  Two level active front converter and the control system 

C

S1

S2

S3

S4

S5

S6

D1

D2

D3

D4

D5

D6

A B C

Rectifier

MG
L

ILoad

Vdc

G

 

Fig. 3.2 Diesel generator system [53]. 

A virtual model of 2 MW diesel generator system is created in MATLAB and 

SIMPACK, to study the dynamics associated with sudden disturbances. 

3.3.1 Diesel engine cylinder and governing system 

In an on-board DC distribution, the diesel engines are characterised by its variable 

frequency operation. The pressure characteristics should be defined for all the operating 

frequency ranges. In this modelling, the operating speed is limited in the range 450- 1000 

rpm with a full load speed of 900 rpm. The pressure output from each cylinder depends on 

fuel ignition quantity and the ignition timing. The diesel engine is designed to run at an 

optimised speed by controlling fuel injection quantity and ignition timing by a controller, 

which compares the speed of the sensor (fly wheel) in the diesel engine with a reference 

value. The reference speed will be generated depending on the load level of the system as 

described in [14]. 

The operating characteristics of the engine cylinders in a 2 MW four stroke diesel 

engine are shown in Figs. 3.3 to 3.5. The data for modelling the dynamic pressure 

characteristics is obtained from [107].  Abnormal operating points with large dynamic 

pressure peaks (180 MPa) exist in the operation characteristics of diesel engines, as 

illustrated in Fig. 3.3. Such abnormal pressure changes can result in a significant dynamic 

torque input to the system, causing damage to sensitive components like crank pin, flexible 

couplings, and bearings. Fig. 3.4 is the plot of maximum achievable combustion pressure 
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against the variation of the injection timing at a full load speed of 900 rpm. If the diesel 

fuel is injected at a crank angle of 0 radian, the maximum pressure achievable is 15 MPa. 

Conversely, if it is injected at 3.14 radian the maximum pressure is just under 2 MPa. From 

Fig. 3.4, it is observed that a small delay in injection timing can result in substantial pressure 

changes in cylinder system. Fig. 3.5 shows the highest pressure with the varying speed at a 

constant injection timing (injected at 0 crank angle), and the various curves show the 

maximum pressure for different ignition quantity (fuel input). From the graph, at 900 rpm 

(injecting at 0 crank angle) it is possible to achieve a maximum pressure in the range of 16 

MPa to 0 MPa by controlling the fuel ignition quantity. 
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Fig. 3.3 Cylinder pressure as a function of crank angle and speed in diesel generator[107]. 
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Fig. 3.4  Maximum pressure variation with varying ignition timing with fixed fuel 

input and speed of operation (900 rpm) [107] 
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Fig. 3.5 Maximum pressure variation curve with varying speed and fuel input at 

constant ignition timing (0 radians) [107]. 
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The parameters used for modelling 2 MW engine are given in Table 3.1.  

Table 3.1 Cylinder parameters [108-111] 

Parameters Values 

Number of cylinders 4 

Cylinder output (kW) 500 

Mean effective pressure (MPa) 2.49 

Cylinder diameter (mm) 320 

Piston stroke (mm) 400 

Connecting rod length 720 

 

The equations relating cylinder geometry to torque output is obtained from [69, 93, 

112-114]. The cylinder torque equation is 

 

𝑇𝑡  =  𝑃𝑔
𝜋𝐷2

4
𝑟𝑠𝑖𝑛 (𝜃)

(

 1 +
𝑟𝑐𝑜𝑠(𝜃)

𝐿√1 −
𝑟2

𝐿2 𝑆𝑖𝑛2(𝜃))

  (3.1) 

Figures 3.6 (a) and (b) illustrates the pressure output and the torque contributed by 

each cylinder respectively in a 2MW four stroke diesel engine operating at 900 rpm, ignited 

at 0 crank angle, and having a maximum pressure of 15 MPa during two crank shaft 

revolutions (over a full period). The pressure peak of 15 MPa and torque peak of 70000 

Nm in Figs. 3.6 (a) and (b) corresponds to the combustion cycle. The nonlinear torque 

outputs produced by the engine cylinders are filtered by the diesel engine flywheel to 

produce a constant average torque to drive the generator. 
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Fig. 3.6  Engine cylinder characteristics (a): Cylinder pressure (b): Engine cylinder 

torque.  

3.3.2 Mechanical system modelling 

The structural modelling of a diesel engine with detailed components is illustrated in 

Fig. 3.7. Since the computational analysis associated with such dynamic systems are 

complex, for control system studies, the detailed models are simplified to lumped inertias 

having similar dynamics. Using a seven-inertia model reported in [115], model of the diesel 

engine shown in Fig. 3.8 is simplified as shown in Fig. 3.8. Inertia-1 represents the damper, 

inertia 2 to inertia-5 represents the added inertia of crankshaft and cylinder. Inertia-6 

(a) 

(b) 

(b) 



 Modelling and Control of Marine Propulsion Systems 
[4]  

30 

represents the fly wheel and inertia-7 represents the generator. The generalised 

representation of the seven-inertia with torque inputs is given in Fig. 3.9. The model 

includes seven inertias, six shaft stiffness, and six damper elements. Cylinder 

torques  𝑇𝑐𝑦𝑙1 ,  𝑇𝑐𝑦𝑙2 , 𝑇𝑐𝑦𝑙3 ,  𝑇𝑐𝑦𝑙4  are applied to  𝐽2 , 𝐽3 , 𝐽4 , and 𝐽5   respectively and the 

generator electro-magnetic torque is applied to 𝐽7. 

 

 

Fig. 3.7 Detailed model of diesel generator in SIMPACK. 

 

 

Fig. 3.8 Simplified model of diesel generator in SIMPACK. 
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Fig. 3.9 Generalised seven-inertia representation of diesel generator model. 

The differential equations describing the dynamics of the seven-inertia system are, 

 
𝐽1

𝑑𝜔1

𝑑𝑡
= −𝐾1(𝜃1 − 𝜃2) − 𝐵1(𝜔1 − 𝜔2) 

𝐽2
𝑑𝜔2

𝑑𝑡
= 𝑇𝐶𝑦𝑙1+𝐾1(𝜃1 − 𝜃2) + 𝐵1(𝜔1 − 𝜔2)  − 𝐾2(𝜃2 − 𝜃3) − 𝐵2(𝜔2 − 𝜔3) 

𝐽3
𝑑𝜔3

𝑑𝑡
= 𝑇𝐶𝑦𝑙2+𝐾2(𝜃2 − 𝜃3) + 𝐵2(𝜔2 − 𝜔3)  − 𝐾3(𝜃3 − 𝜃4) − 𝐵3(𝜔3 − 𝜔4) 

𝐽4
𝑑𝜔4

𝑑𝑡
= 𝑇𝐶𝑦𝑙3+𝐾3(𝜃3 − 𝜃4) + 𝐵3(𝜔3 − 𝜔4)  − 𝐾4(𝜃4 − 𝜃5) − 𝐵4(𝜔4 − 𝜔5) 

𝐽5
𝑑𝜔5

𝑑𝑡
= 𝑇𝐶𝑦𝑙4+𝐾4(𝜃4 − 𝜃5) + 𝐵4(𝜔4 − 𝜔5)  − 𝐾5(𝜃5 − 𝜃6) − 𝐵5(𝜔5 − 𝜔6) 

𝐽6
𝑑𝜔6

𝑑𝑡
= 𝐾5(𝜃5 − 𝜃6) + 𝐵5(𝜔5 − 𝜔6)  − 𝐾6(𝜃6 − 𝜃7) − 𝐵5(𝜔6 − 𝜔7) 

𝐽7
𝑑𝜔7

𝑑𝑡
= 𝐾6(𝜃6 − 𝜃7) + 𝐵6(𝜔6 − 𝜔7) − 𝐵𝜔7 − 𝑇𝑔𝑒𝑛  

 

 

 

 

(3.2) 

 

The dynamic modelling of the seven-inertia system is given in (3.2). The mechanical 

system dynamics in the diesel generator in (3.2) is influenced by a torque input from the 

generator 𝑇𝑔𝑒𝑛 which is a function of electrical current, flux, and voltage in the generator. 

The damping in electrical machine is function of the slip. Since, slip is zero in synchronous 

machine the contribution of the damping by the rotor field winding is zero. But, in 

synchronous machine asynchronous windings i.e. damper windings are present and they 

help in damping.  The  damping by the asynchronous winding in the generator is actually 

added in the viscous and frictional damping of the electrical machine which is a term 𝐵𝜔7 

in (3.2) [116]. The value of the viscous frictional coefficient in this modelling is 0.1 Nm 

s/rad.  The terms 𝐵1(𝜔1 − 𝜔2), 𝐵2(𝜔2 − 𝜔3), 𝐵3(𝜔3 − 𝜔4), 𝐵4(𝜔4 − 𝜔5), 𝐵5(𝜔5 − 𝜔6), 

and 𝐵6(𝜔6 − 𝜔7) are coming from the material damping of the shafts and the electro-
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magnetic damping will not contribute to these terms.  The parameters used for modelling 

the seven-inertia system and natural frequencies are tabulated in Table 3.2 and Table 3.3 

respectively. Table 3.2 shows that the inertia of the flywheel (𝐽6) is the highest followed by 

the generator inertia (𝐽7). The lowest stiffness is the coupling stiffness (𝐾6), and it connects 

generator and flywheel. From Table 3.3, the first natural frequency of the diesel generator 

system is 8.33 Hz with a damping ratio 𝛿 = 0.087. Since the damping ratio is very small, 

the first natural frequency when exited can exist for very long duration. 

Table 3.2 Inertia, stiffness, and material damping of the seven-inertia system [115] 

Index, i 

 

Inertia, 𝑱𝒊  

(kg.m2 ) 

 

Stiffness coefficient, 𝑲𝒊   

(N.m/rad) 

Damping coefficient, 𝑩𝒊 

(N.m.s/rad) 

1 23.7 200,0000 1000 

2 15.75 2400,0000 1000 

3 23 1500,0000 1000 

4 23 2400,0000 1000 

5 15 3600,0000 1000 

6 300 30,0000 1000 

7 150 – – 

 

Table 3.3 Pole, natural frequency, and damping ratio of the mechanical system 

Index Pole Damping ratio Natural frequency (Hz) Time constant (s) 

1 - 0.000027 1 - 36363 

2 -4.56 ± 52.17i 0.08 8.3 0.219 

3 -10.7 ± 253.15ii 0.04 40.3 0.093 

4 -24.48 ± 497.27i 0.049 79.2 0.041 

5 -38.07± 1120.8i 0.03 178.4 0.026 

6 -81.61± 1733.9i 0.04 276.2 0.012 

7 -85.35 ± 2157.1i 0.03 343.5 0.012 
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The eigenanalysis of the seven-inertia system is carried out to understand the 

behaviour of the diesel generator system at the natural frequencies. The eigenvalue 

amplitude and eigenvalue phase resulting from the analysis are shown in Figs. 3.10 (a) and 

(b) respectively. The x-axis values in Figs. 3.10 (a) and (b) represent index in Table 3.3. At 

the first dominant pole with eigenvalue 1, all the inertias have a normalised amplitude of 1 

and have a phase of 0 rad. The behaviour of the diesel generator system can be 

approximated as a single simplified inertia in this case. At the eigenvalue 2, inertia-7 

(generator) has a normalised amplitude of 1 while inertia-1 to inertia-6 have an amplitude 

of 0.37. The phase difference between inertia-7 and inertia-1 to inertia-6 is 3.14 rad (180 

degrees). Thus, at this frequency, there is torsional twisting between inertia-7 and inertia-

6. The behaviour at 8.33 Hz can be simplified as a two-inertia system with stiffness in 

between the two inertias   as given in Table 3.4.   In such two-inertia representation, the 

first inertia represents the added inertia of inertia-1 to inertia-6 and second inertia represents 

generator. The stiffness in the two-inertia representation will be the coupling stiffness (𝐾6).    

Table 3.4 Parameters for two-inertia representation 

Index i Ji, kgm2 Ki, N.m/rad 

1 400.45 (Jl) 300000 (Ks) 

2 150 (Jm) —– 
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Fig. 3.10 Eigenanalysis of seven-inertia system (a) Amplitude (b) Phase. 

Similarly, the behaviour at other index values 3, 4, 5, 6, 7 will be a three-inertia, four-

inertia, five-inertia, six-inertia, and seven-inertia system respectively. 

3.3.3 Electrical system modelling 

The electrical system in the on-board DC distribution system is illustrated in Fig. 

3.11. The electrical machine is a brushless salient pole synchronous machine. The 

parameters for the synchronous machine are taken from [12] and is shown in Table 3.5. 

The model neglects asymmetry of stator windings, higher harmonics flow in the air gap, 

(a) 

(b) 
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change in parameters due to conditions such as temperature, the nonlinearity of iron 

magnetic characteristics, skin effect in stator and rotor windings, and iron losses [117]. 
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Fig. 3.11 Configuration of electrical system. 

 

The synchronous machine is modelled in the stator flux reference frame. The voltage 

equations referred to the stator are, 

 
𝑉𝑑  =  𝑅𝑠𝑖𝑑 +

𝑑𝜓𝑑

𝑑𝑡
 − 𝜔𝑠𝜓𝑞 (3.3) 

 
𝑉𝑞  =  𝑅𝑠𝑖𝑞 +

𝑑𝜓𝑞

𝑑𝑡
+ 𝜔𝑠𝜓𝑑  (3.4) 

 
𝑉𝑓𝑑

′  =  𝑅𝑓𝑑
′ 𝑖𝑓𝑑

′ +
𝑑𝜓𝑓𝑑

′

𝑑𝑡
 (3.5) 

 
𝑉𝑘𝑑

′  =  𝑅𝑘𝑑
′ 𝑖𝑘𝑑

′ +
𝑑𝜓𝑘𝑑

′

𝑑𝑡
 (3.6) 

 
𝑉𝑘𝑞

′  =  𝑅𝑘𝑞
′ 𝑖𝑘𝑞

′ +
𝑑𝜓𝑘𝑞

′

𝑑𝑡
 (3.7) 

 

The flux equations referred to stator are, 

 𝜓𝑑 = 𝐿𝑑𝑖𝑑 + 𝐿𝑚𝑑(𝑖𝑓𝑑
′ + 𝑖𝑘𝑑

′ ) (3.8) 

 𝜓𝑞 = 𝐿𝑞𝑖𝑞 + 𝐿𝑚𝑞(𝑖𝑘𝑞
′ ) (3.9) 
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 𝜓𝑓𝑑
′ = 𝐿𝑓𝑑

′ 𝑖𝑓𝑑
′ + 𝐿𝑚𝑑(𝑖𝑑 + 𝑖𝑘𝑑

′ ) (3.10) 

 𝜓𝑘𝑑
′ = 𝐿𝑘𝑑

′ 𝑖𝑘𝑑
′ + 𝐿𝑚𝑑(𝑖𝑑 + 𝑖𝑓𝑑

′ ) (3.11) 

 𝜓𝑘𝑞
′ = 𝐿𝑘𝑞

′ 𝑖𝑘𝑞
′ + 𝐿𝑚𝑞𝑖𝑞 (3.12) 

The electro-magnetic torque and speed of the synchronous machine are respectively,  

 
Tgen =

3

2
 
P

2
(ψdiq  −  ψqid) (3.13) 

The DC bus capacitance has been selected based on the converter hold up time. In 

this method, the capacitor bank is sized to sustain the rated load for a given period. The 

converter hold up time decided to be 5 ms, and a tolerable voltage drop of during this 

interval is 20% [12]. The switching frequency for the marine application is taken from [118]. 

The filter inductance is selected based on limiting the maximum current ripple ( Δ𝑖𝑟𝑖𝑝−𝑚𝑎𝑥) 

to 10% of its rated amplitude value [119]. Table 3.5 gives the DC link capacitor and 

inductor parameters. 

The inverter model was developed based on the power balance of both AC and DC 

sides. By neglecting the power losses of the inverter, the power balance can be written as 

[120], 

 𝑉𝑑𝑐𝐼𝑑𝑐  =  𝑈𝑎𝑖𝑎  +  𝑈𝑏𝑖𝑏 + 𝑈𝑐𝑖𝑐 (3.14) 

Converting equation to the q-d reference frame, 

 
𝑉𝑑𝑐𝐼𝑑𝑐  =

3

2
[𝑈𝑑𝑖𝑑 + 𝑈𝑞𝑖𝑞] (3.15) 

The inverter terminal voltages are presented by the expression [121], 

 
𝑈𝑑 = 𝑅𝑓𝑖𝑑 + 𝐿𝑓

𝑑

𝑑𝑡
𝑖𝑑 + 𝑉𝑑  + 𝜔𝑠𝐿𝑓𝑖𝑞 (3.16) 

 
𝑈𝑞 = 𝑅𝑓𝑖𝑞 + 𝐿𝑓

𝑑

𝑑𝑡
𝑖𝑞 + 𝑉𝑑 − 𝜔𝑠𝐿𝑓𝑖𝑑 (3.17) 

Considering the L filter as loss free and fundamental voltages and currents at its both ends 

being same, the expression in (3.15) can be reduced to, 
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𝑉𝑑𝑐𝐼𝑑𝑐  =

3

2
(𝑉𝑑(𝑡)𝑖𝑑(𝑡)  + 𝑉𝑞(𝑡)𝑖𝑞(𝑡)) (3.18) 

 

Substituting equation (3.3) and (3.4) in (3.18) and assuming constant flux linkage, 

 
𝑉𝑑𝑐𝐼𝑑𝑐 =

3

2
(𝑖𝑞

2  +  𝑖𝑑
2)𝑅𝑠  +

3

2
(𝜔𝑠𝜓𝑑𝑖𝑞  − 𝜓𝑞𝑖𝑑)  

=
3

2
(𝑖𝑞

2  +  𝑖𝑑
2)𝑅𝑠  +

3

2

𝑃

2
 𝜔𝑟( 𝜓𝑑 𝑖𝑞 − 𝜓𝑞𝑖𝑑) 

(3.19) 

Applying Kirchhoff’s current law in the DC link, the DC source current can be expressed 

as 

 
𝐼𝑑𝑐  =   − 𝐼𝐿  − 𝐶

𝑑𝑉𝑑𝑐

𝑑𝑡
 (3.20) 

Substituting DC link current expression in (3.20) in (3.19), 

 
𝑉𝑑𝑐𝐼𝐿  +  𝐶𝑉𝑑𝑐

𝑑𝑉𝑑𝑐

𝑑𝑡
=  

3

2
(𝑖𝑞

2  +  𝑖𝑑
2)𝑅𝑠  +

3

2

𝑃

2
 𝜔𝑟( 𝜓𝑑 𝑖𝑞 − 𝜓𝑞𝑖𝑑) (3.21) 

Equation (3.21) can be simplified by considering the expression in (3.13) 

 
𝑉𝑑𝑐𝐼𝐿  +  𝐶𝑉𝑑𝑐

𝑑𝑉𝑑𝑐

𝑑𝑡
=

3

2
(𝑖𝑞

2  +  𝑖𝑑
2)𝑅𝑠 + 𝑇𝑒𝜔𝑟 (3.22) 

By considering resistance of the L filter and substituting 𝐶𝑉𝑑𝑐 
𝑑𝑉𝑑𝑐

𝑑𝑡
  with  

1

2
𝐶

𝑑𝑉𝑑𝑐
2

𝑑𝑡
 , then 

(3.22) can be modified as, 

 
𝑉𝑑𝑐𝐼𝐿  +

1

2
𝐶

𝑑𝑉𝑑𝑐
2

𝑑𝑡
=

3

2
(𝑖𝑞

2  +  𝑖𝑑
2)(𝑅𝑠 + 𝑅𝑓) + 𝑇𝑒𝜔𝑟 

(3.23) 

 

Thus, change of capacitor energy,   

 𝑑𝐸𝐶

𝑑𝑡
 = 𝑃𝐺𝑒𝑛  −  𝑃𝐿𝑜𝑎𝑑  − 𝑃𝐿𝑜𝑠𝑠 (3.24) 

where 𝑃𝐺𝑒𝑛 = 𝑇𝑒𝜔𝑟, 𝑃𝐿𝑜𝑠𝑠 =
3

2
(𝑖𝑞

2  +  𝑖𝑑
2)(𝑅𝑠 + 𝑅𝑓), and 𝑃𝐿𝑜𝑎𝑑 = 𝑉𝑑𝑐𝐼𝐿. 
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Table 3.5 Filter and DC link parameters 

Parameters Values 

DC link voltage (V) 1200 

DC link capacitance (mF) 40 

L filter inductance (µH) 300 

L filter resistance (Ω) 0.04 

Switching frequency of the inverter (Hz) 3600 

Modulation SVM 

 

From (3.23) and (3.24), 𝑉𝑑𝑐 
2  has a linear relation with the electro-magnetic power of 

the generator.  Hence, the change of capacitor energy induced by load changes can be 

prevented if the electro-magnetic power is modified by varying electro-magnetic torque of 

the generator.  Thus, 𝑉𝑑𝑐
2 is taken as the control variable and a PI controller is designed to 

track the changes in DC link voltage. 

Figure 3.12 shows the control block diagram of the DC voltage regulator [120]. The 

mechanical system is linked to the outer voltage control loop through 𝜔𝑟  only. Sudden 

changes in the mechanical system such as cylinder failure, misfire, and deactivation will 

not result in substantial changes in 𝜔𝑟 (because of inertia). Therefore, the impact on DC 

bus voltage and electrical system will be minimum. Load power 𝑃𝐿𝑜𝑎𝑑is taken as a feed 

forward component in the outer DC voltage regulation loop, hence sudden changes in the 

electrical load like faults or sudden switching of electrical loads tend to make a significant 

variation in the electro-magnetic torque 𝑇𝑒. This creates direct excitations in the mechanical 

system inducing vibrations. 
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Fig. 3.12 Closed-loop control diagram of the DC voltage regulator. 

3.3.4 Controller design 

The synchronous machine is vector controlled in the stator flux reference frame [122, 

123]. For vector control, it is necessary to keep the alternator stator flux linkage constant 

and aligned along the d-axis for all the operating conditions. The instantaneous stator flux 

amplitude and the position information for the vector control are obtained using a closed 

loop stator flux observer. The realisation of closed loop stator flux observer without speed 

adaptation is demonstrated in [122, 123]. For this application, the same observer can be 

used. The closed loop observer block diagram is shown in Fig. 3.13. The observer is 

designed in the stationary reference frame with flux as state variables and can be formulated 

as [123], 

 

[
𝑖̂𝛼
𝑖�̂�

] =
1

𝐿𝑞
[
�̂�𝛼

�̂�𝛽
] +

| 𝜓𝑟|

𝐿𝑞
[
−𝑐𝑜𝑠𝜃𝑟𝑒

−𝑠𝑖𝑛𝜃𝑟𝑒
] (3.25) 

The rotor flux information for (3.25) can be obtained as, 

 𝜓𝑟 = 𝐿𝑚𝑑𝑖𝑓𝑑
′  +  𝐿𝑞𝑖𝑑 (3.26) 

The rotor angle and speed expression are,     

 
𝜃𝑟𝑒   = tan−1 (

�̂�𝑟𝛼 

�̂�𝑟𝛽 

) 

𝜔𝑟 =
𝑑

𝑑𝑡
𝜃𝑟𝑒 

(3.27) 
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The observed stator flux linkage magnitude is,  

 𝜓𝑠
2  =  �̂�𝛼

2  + �̂�𝛽
2 (3.28) 

For vector control, stator flux linkage is aligned along the d-axis. Hence,    

 𝜓𝑑 = 𝜓𝑠, 𝜓𝑞 =  0 (3.29) 

When the stator flux is regulated along the d-axis, the voltage expression in (3.3) and (3.4) 

becomes, 

 𝑉𝑑  =   𝑅𝑠𝑖𝑑 (3.30) 

 𝑉𝑞  =  𝑅𝑠𝑖𝑞  + 𝜔𝑠 𝜓𝑠 (3.31) 

 

Fig. 3.13 Stator flux observer. 

The torque expression in (3.13) can be reduced to    

 
𝑇𝑔𝑒𝑛 =

3

2

𝑃

2
𝜓𝑠𝑖𝑞 (3.32) 
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To keep the stator flux linkage constant and at the rated value, the d-axis component of 

stator current should be zero. The q-axis reference current is calculated from the reference 

torque command using the rated stator flux information as,    

 
𝑖𝑑𝑟𝑒𝑓  =  0, 𝑖𝑞𝑟𝑒𝑓  =

𝑇𝑔𝑒𝑛𝑟𝑒𝑓

3
2

𝑃
2 𝜓𝑠

 (3.33) 

The various control loops in the diesel generator systems are    

1. Engine speed controller    

2. Field regulator to keep the stator flux linkage constant    

3. D-Q axes current controllers and field current controller    

4. Outer DC bus voltage regulator    

This section follows closely to the control system design explained in references [14, 

118, 122-124]]. For the designing engine speed controller, and outer DC voltage regulation 

controller, the Integrated Time Absolute Error (ITAE) criterion is used. Similarly, for 

designing the inner current controllers, field regulator, and field current regulator, pole zero 

cancellation method is used. 

Engine speed controller    

Figure 3.14 shows the reference speed for optimized fuel consumption under various 

power requirement [6, 21]. Based on the load power (𝑃𝐿𝑜𝑎𝑑) of the electrical system, the 

reference speed will be determined. 

  The design of the speed control loop for the engine generator is done by using the 

dominant pole of the system. The behaviour of the diesel generator at the first dominant 

pole is a single inertia.  The differential equation for speed in the diesel generator system is 

[125], 
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Fig. 3.14 Diesel engine speed curve for optimized fuel consumption [14, 125]. 

 
𝐽𝑡𝑜𝑡𝑎𝑙

𝑑𝜔𝑚

𝑑𝑡
 =  𝑇𝑀𝑒𝑐ℎ − 𝑇𝑔𝑒𝑛 (3.34) 

From (3.34), the open loop transfer function of engine speed and the torque difference is     

 𝜔𝑚

∑ 𝑇
  =

1

𝐽𝑡𝑜𝑡𝑎𝑙𝑠
 (3.35) 

where ∑T = 𝑇𝑀𝑒𝑐ℎ − 𝑇𝑔𝑒𝑛 

The closed loop transfer function of the speed controller is given by    

 
𝜔𝑚

𝜔𝑚𝑟𝑒𝑓
=

1
𝐽𝑡𝑜𝑡𝑎𝑙𝑠

𝐾𝑝𝑠 + 𝐾𝑖

𝑠

1 +
1

𝐽𝑡𝑜𝑡𝑎𝑙𝑠
𝐾𝑝𝑠 + 𝐾𝑖

𝑠

=

𝐾𝑝𝑠 + 𝐾𝑖

𝐽𝑡𝑜𝑡𝑎𝑙

𝑠2 +
𝐾𝑝

𝐽𝑡𝑜𝑡𝑎𝑙
𝑠 +

𝐾𝑖

𝐽𝑡𝑜𝑡𝑎𝑙

 (3.36) 

The denominator of the closed loop transfer function (3.36) is second order in s. The 

response is determined by the selection of the controller gains 𝐾𝑝 and 𝐾𝑖. According to the 

integral of time multiplied by the absolute of the error (ITAE) performance index, the 

optimum coefficients of the characteristic polynomial of a second-order system are    

 𝑠2 + 1.505𝜔𝑐𝑛𝑠 + 𝜔𝑐𝑛
2  (3.37) 

where 𝜔𝑐𝑛 is the desired closed loop natural frequency of the  regulation loop. 
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By comparing denominator of (3.36) and (3.37), controller gains are 𝐾𝑝 = 1.505𝜔𝑐𝑛𝐽𝑡𝑜𝑡𝑎𝑙   

and 𝐾𝑖 = 𝜔𝑐𝑛
2 𝐽𝑡𝑜𝑡𝑎𝑙 . The closed loop natural frequency  𝜔𝑐𝑛 determines the response speed 

of the engine speed regulation mechanism. The response speed of engine speed regulation 

mechanism is normally very small and in this study the value of 𝜔𝑐𝑛 = 2𝜋 × 0.5 𝐻𝑧. The 

total inertia of the diesel generator system is 𝐽𝑡𝑜𝑡𝑎𝑙 = 550 𝑘𝑔𝑚2. The corresponding 𝐾𝑝 =

2126 and 𝐾𝑖 = 4436.9. The block diagram of the speed control is given in Fig. 3.15. 

 

Fig. 3.15 Control loop diagram for the speed regulation. 

Field regulator   

At steady state, using the expressions (3.18), (3.28) and (3.29), the stator flux 

equation can be expressed as, 

 𝜓𝑠  =  𝜓𝑑  =  𝐿𝑚𝑑𝑖𝑓𝑑
′   (3.38) 

The instantaneous stator flux is obtained using the stator flux observer shown in Fig. 3.13. 

A PI controller is proposed to keep the stator flux linkage constant. 

The open loop transfer function between field current and stator flux is,    

 𝜓𝑠

𝑖𝑓𝑑
′  =  𝐿𝑚𝑑 (3.39) 

The closed loop transfer function with PI controller is,    

 
𝜓𝑠

𝜓𝑠𝑟𝑒𝑓
=

𝐿𝑚𝑑

1 + 𝐿𝑚𝑑𝐾𝑝

𝑠 +
𝐾𝑖 

𝐾𝑝

𝑠 +
𝐿𝑚𝑑𝐾𝑖

1 + 𝐿𝑚𝑑𝐾𝑝

 (3.40) 

The denominator of (3.40) can be approximated to  𝑠 + 𝜔𝑐𝑛 where 𝜔𝑐𝑛is the  desired 

closed loop natural frequency of the flux regulation loop. In this analysis, the closed loop 

natural frequency of the flux regulation loop is designed to  be 5 Hz and the corresponding  

proportional and integral  controller gain values are 𝐾𝑝 = 1 and 𝐾𝑖=48 [118, 120].  
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Current Controller   

The current controllers for the d-q axes are designed using the inverter terminal 

voltage equations given in (3.16) and (3.17). The equivalent circuit for the inner current 

control design is shown in Fig. 3.16.  By providing feedforward control scheme for the 

frequency related terms and the generator voltages in (3.16) and (3.17), the transfer function 

between 𝑖𝑞, 𝑢𝑞 and 𝑖𝑑, 𝑢𝑑 becomes [118] 

Va

Vb

Vc

Ua

Ub

Uc

Pem

Rf Lf

Rf
Lf

Rf Lf

ia

ib

ic

 

Fig. 3.16 Equivalent circuit for current control design. 

 𝑖𝑞

𝑈𝑞
 =

𝑖𝑑
𝑈𝑑

=
1

𝑅𝑓 + 𝐿𝑓𝑠
 (3.41) 

The closed loop transfer function for the inner current control loops are   

 

𝑖𝑑
𝑖𝑑𝑟𝑒𝑓

= 
𝑖𝑞

𝑖𝑞𝑟𝑒𝑓
=

1
𝑅𝑓 + 𝐿𝑓𝑠

𝐾𝑝𝑠 + 𝐾𝑖

𝑠

1 +
1

𝑅𝑓 + 𝐿𝑓𝑠
𝐾𝑝𝑠 + 𝐾𝑖

𝑠

 (3.42) 

If the controller parameters are selected as 𝐾𝑖 = 𝑅𝑓𝜔𝑏𝑤 and 𝐾𝑝 = 𝐿𝑓𝜔𝑏𝑤 [124], (3.42) can 

be reduced to the form 
𝜔𝑏𝑤

𝑠+𝜔𝑏𝑤
. The term 𝜔𝑏𝑤  is the closed loop bandwidth and it 

corresponds to the response speed of current control. In this analysis,  closed loop 

bandwidth 𝜔𝑏𝑤 = 2𝜋 × 360  rad/s equal to 1/10 of switching frequency. 𝑅𝑓 =

0.047610 mΩ  and 𝐿𝑓 = 0.0758 𝑚𝐻  and  the corresponding proportional and integral 

controller values are 𝐾𝑝 = 1.7 and 𝐾𝑖 = 1.1. 
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The field circuit is a series connection of resistor and inductor which is supplied by a DC 

voltage source. From the voltage equation given in (3.5), the transfer function between field 

current and field voltage is     

 𝑖𝑓𝑑
′

𝑉𝑓𝑑
′ =

1

𝑅𝑓𝑑
′ + 𝐿𝑓𝑑

′ 𝑠
 (3.43) 

The closed loop transfer function for the field current regulator is 

 

𝑖𝑓𝑑
′

𝑖𝑓𝑑𝑟𝑒𝑓
′ =

1
𝑅𝑓𝑑

′ + 𝐿𝑓𝑑
′ 𝑠

𝐾𝑝𝑠 + 𝐾𝑖

𝑠

1 +
1

𝑅𝑓𝑑
′ + 𝐿𝑓𝑑

′ 𝑠

𝐾𝑝𝑠 + 𝐾𝑖

𝑠

 (3.44) 

  The controller parameters for the field current regulator is  𝐾𝑖 = 𝑅𝑓𝑑
′ 𝜔𝑏𝑤 and 𝐾𝑝 =

𝐿𝑓𝑑
′ 𝜔𝑏𝑤 [124], where 𝜔𝑏𝑤 is the closed loop bandwidth of field current regulator. In this 

analysis, the closed loop bandwidth of the field current regulator 𝜔𝑏𝑤 = 2𝜋 × 50 rad/s . 

The resistance and inductance of the field winding is 𝑅𝑓 = 0. 2 Ω  𝐿𝑓 = 0.4 𝐻 . The 

corresponding controller gains are 𝐾𝑝 = 62.83 and  𝐾𝑖 = 125.66. 

Outer DC voltage controller 

The current controller is fast (bandwidth 360 Hz) and for the design of the outer loop, the 

inner loops are assumed to be with unity gain [118, 120].  The open loop transfer function 

between 𝑉𝑑𝑐
2  and generator electro-magnetic power output is attained by applying small 

signal analysis on (3.23) and (3.24) and is given as,      

 𝑉𝑑𝑐
2

𝑇𝑒𝜔𝑟
 =

1

2𝐶𝑠
 (3.45) 

Finding the closed loop transfer function for the outer voltage control loop,    

 
𝑉𝑑𝑐

2

𝑉𝑑𝑐𝑟𝑒𝑓
2  =

1
2𝐶𝑠

𝐾𝑝𝑠 + 𝐾𝑖

𝑠

1 +
1

2𝐶𝑠
𝐾𝑝𝑠 + 𝐾𝑖

𝑠

=

𝐾𝑝𝑠 + 𝐾𝑖

2𝐶

𝑠2 +
𝐾𝑝𝑠
2𝐶 +

𝐾𝑖

2𝐶

 (3.46) 

The denominator of (3.46) is second order in s.  The design of the controller gains for the 

outer DC voltage regulation loop is done using the integral of time multiplied by the 

absolute of the error (ITAE) performance index. The optimum coefficients of the 

characteristic polynomial of a second-order system is given in (3.37).  The controller gains 
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are 𝐾𝑝 = 3.1ωcn𝐶 and 𝐾𝑖 = 2𝜔𝑐𝑛
2 𝐶 . The capacitance value 𝐶 = 40 𝑚𝐹 and closed loop 

natural frequency of the DC voltage regulation loop 𝜔𝐶𝑛 = 2𝜋 × 1 rad/s. The 

corresponding proportional and integral values are 𝐾𝑝 =  0.7791 and 𝐾𝑖 =  3.158.  

The overall electrical system configuration with control and measurements are 

illustrated in Fig. 3.17. 
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Fig. 3.17 Final electrical system with control configuration. 

3.3.5 Simulation results 

The simulation configuration of virtual diesel engine modelled in MATLAB and 

SIMPACK software is represented in Fig. 3.18  The mechanical system of the diesel engine 

is modelled in SIMPACK. In MATLAB, diesel engine pressure characteristics, electrical 

system, active front end converter, and the control system are modelled. From MATLAB, 

through the co-simulation interface, various torque inputs such as 𝑇𝑐𝑦𝑙1,𝑇𝑐𝑦𝑙2, 𝑇𝑐𝑦𝑙3, 𝑇𝑐𝑦𝑙4, 

and 𝑇𝑔𝑒𝑛 are applied to the mechanical driveline. The outputs from the SIMPACK are 

various inertia speeds and shaft torques. DC link voltage, electro-magnetic torque of the 

generator, and the stator flux linkage are obtained from MATLAB. 
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The diesel generator can have both mechanical as well as electrical disturbances. The 

mechanical disturbances can be cylinder misfires, deactivation process, cylinder failures, 

etc. From the electrical side, the generator suffers sudden electrical load changes or even 

faults at the extreme cases. The effectiveness of the proposed control scheme is analysed 

using two test cases with the diesel generator configuration illustrated in Fig. 3.19. The tests 

have been planned to address two issues concerning diesel generator manufacturer - (1) 

Engine ignition delay (2) Electrical short circuit. 
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Fig. 3.18 Simulation configuration of 2 MW virtual diesel generator system. 

3.3.6 Engine ignition delay 

The engine cylinder system can suffer engine misfire or delay in fuel injection etc. 

From Fig. 3.3 and Fig. 3.4, the delay in fuel injection can result in a significant amount of 

cylinder pressure to be induced in the cylinder system. Such large pressure values will lead 

to significant dynamic torques to be generated in the driveline, which result in torsional 

oscillations. The test is to evaluate the operational parameters (speed, torque, and voltage) 

during mechanical disturbance condition. 
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Modelling effect of fuel injection delay       

Assume that one of the engine cylinders suffers a delay in fuel injection resulting in peak 

pressure of 48 MPa to be contributed by that cylinder. The delay in engine ignition happens 

at 𝑡 = 7 𝑠. The pressure change will result in torque change, and the resulting torque change 

is shown in Fig. 3.19. The peak instantaneous torque increases up to 20 kNm at t = 7 s. 

 

 

Fig. 3.19 Engine ignition delay in diesel engine. 

Test results 

Figure 3.20 (a) displays the torques at various shafts in the driveline represented by 

stiffness 𝐾1 to 𝐾6 in Fig. 3.9. During mechanical disturbances, large torque amplitudes are 

induced in the engine driveline (𝐾1 to 𝐾5). In the connecting shafts between engine and 

generator (𝐾6) first natural frequency excitation is dominated. The analysis on Shaft-6 

torque cannot be made from the torque amplitude scale of Fig. 3.20 (a).  Hence the Shaft-6 

torque is shown separately in Fig. 3.20 (b). As seen in Fig. 3.20 (b), during an engine 

ignition delay, the torque overload in Shaft-6 is reaching 40 kNm, which is two times the 

rated torque of the connecting shafts and the oscillation exists for 3 s duration. Such torque 

overload and long duration of vibration can cause failures in sensitive components.  
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Fig. 3.20 Torque in the driveline during mechanical disturbance (a) Shaft torques (b) 

shaft-6 torque. 

(a) 

(b) 
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Fig. 3.21 Speed waveforms during mechanical disturbance (a) Inertia speeds (b) zoomed 

in view of inertia speeds at t = 7 s. 

 

Figures 3.21 (a) to (b) display the speeds at various points in the driveline represented 

by the inertias 𝐽1 to 𝐽7  in Fig. 3.9. The time scale of Fig. 3.21 (a) does not allow distinctions 

to be made. The zoomed in version, in Fig. 3.21 (b) shows that during mechanical 

disturbances, inertia-7 (generator, 𝐽7) is moving in opposite direction to inertia-6 ( 𝐽6).  The 

speed differences between other inertias are because of engine order components.  

The relative amplitude of the first natural frequency and engine order components 

can be analysed using Fast Fourier Transform (FFT).    FFT analysis was carried out on 

(b) 

(a) 
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different shafts and speed differences between the generator and fly wheel at 𝑡 = 7 s. The 

FFT results are shown in Figs. 3. 22 and 3.23. The first natural frequency has highest torque 

amplitude in Shaft-6 (𝐾6), while in all other shafts the engine order components have higher 

amplitudes. The speed difference between generator and fly wheel also shows a peak 

amplitude at first natural frequency. 

 

Fig. 3.22 FFT analysis of shaft torque at 𝑡 =7 s. 

 

Fig. 3.23 Speed difference FFT analysis at 𝑡 =7 s. 
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Figure 3.24 shows the electro-magnetic torque of the generator. During mechanical 

disturbance without active protection loop at 𝑡 = 7 s, the electro-magnetic torque tends to 

remain at the rated value.  

 

Fig. 3.24 Electro-magnetic torque during mechanical disturbance. 

The DC link voltage during a mechanical disturbance is shown in Fig. 3.25. At 𝑡 =

7 s, the effect of the disturbance on the DC link voltage was minimum, since the mechanical 

system is coupled to the electrical system through generator speed 𝜔𝑟 only (change in 𝜔𝑟 

from the steady state value is the minimum).  

 

Fig. 3.25 DC link voltage during mechanical disturbance. 
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Figure 3.26 shows the stator flux linkage observed using the closed loop observer 

illustrated in Fig. 3.13. As observed in the graph, the effect of the mechanical disturbance 

on the stator flux linkage is minimum. The stator flux regulator can maintain the rated flux 

without much deviation. 

 

 

Fig. 3.26 Stator flux linkage during mechanical disturbance. 

Under mechanical disturbances, torque overloads are created in diesel engine 

generator driveline. These torque overloads are torsional and exists for a very long duration. 

Such torque overloads with high peak amplitudes can cause detrimental effects to the 

coupling in the engine generator. 

3.3.7 Electrical disturbance 

The diesel generator system can experience electrical load disturbances such as 

switching of electrical loads, short circuits in the system, etc. These disturbance conditions 

can result in sudden input torques causing component failures. 

Modelling electrical disturbance  

Imagine that the diesel generator system was supplying a constant load current of 

1667.3 A. At 𝑡 = 5  s, electrical short circuit occurs and the peak instantaneous current 

reaches 5 times the rated current (8336 A). The fault exists for a 600 μs duration (2 times 

the switching period of the output inverter). After this duration, the load current supplied 
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will be zero, as the inverter prevents the over current by stopping the PWM pulses. 100 ms 

after the fault, the inverter is soft started and reaches the full current value in 900 ms (6 s).  

The load current under short circuit is represented in Fig. 3.27. According to power balance 

in (3.26) and (3.29), the instantaneous overcurrent will be supplied by the generator. Such 

overcurrent results in large electro-magnetic torque changes in the generator system. The 

electro-magnetic torque change will result in sudden excitation to the mechanical system 

based on (3.2).   

 

Fig. 3.27 Load current during electrical short circuit. 

Test results 

Figure 3.28 displays the torque contributed by cylinder-1(torques contributed by 

other cylinders are same as cylinder-1). The short circuit in load circuit results in less power 

requirement from the diesel engine. As a result, the fuel ignition quantity is reduced. The 

decrease in combustion results in less torque contributed by cylinders. 
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Fig. 3.28 Cylinder-1 torque. 

The shaft torque in the driveline during the electrical short circuit is shown in Fig. 

3.29 (a). During an electrical short circuit, the shaft torques follow the cylinder torque 

except for the connecting shaft between engine and generator𝐾6. First natural frequency 

excitation is dominated in Shaft-6 (𝐾6). The Shaft-6 torque is shown separately in Fig. 3.29 

(b). As seen in the figure, during an electrical short circuit, the torque in Shaft-6 is 

oscillatory and the oscillation exists for 3 s.  
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 Fig. 3.29 Torque in the driveline during electrical short circuit (a) Shaft torques (b) 

shaft-6 torque.  

Figures 3.30 (a) to (b) display the speeds at various points in the driveline. The time 

scale of Fig. 3.30 (a) does not allow distinctions to be made. The zoomed in version in Fig. 

3.30 (b) shows that during an electrical short circuit, inertia-7 (generator, 𝐽7) is moving in 

opposite direction to inertia-6 (𝐽6). 

 

 

 

(a) 

(b) 
(b) 
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Fig. 3.30 Speed waveforms during electrical short circuit (a) Inertia speeds (b) zoomed in 

view of inertia speeds at t = 5 s. 

 

The effect of load short circuit on the DC bus voltage is shown in Fig. 3.31. At 𝑡 = 5 

s, the electrical disturbance is linked to the DC link voltage through 𝑃𝐿𝑜𝑎𝑑 and variation in 

 𝑃𝐿𝑜𝑎𝑑 will cause variation in 𝑉𝑑𝑐. The variation is between 1040-1220 V. 

(b) 

(a) 
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Fig. 3.31 DC link voltage during electrical short circuit. 

Figure 3.32 shows the electro-magnetic torque of the generator. As  𝑃𝐿𝑜𝑎𝑑 is directly 

coupled to DC bus voltage as illustrated in Fig. 3.12, the change in  𝑃𝐿𝑜𝑎𝑑 tends to make 

substantial changes in  𝑉𝑑𝑐 . To prevent this, the electro-magnetic torque of the generator is 

varied (variation depends on current controller bandwidth). The change of torque can be 

seen at 𝑡 = 5 s. The peak of the electro-magnetic torque is reaching three times the rated 

torque which is 60 kNm. 

 

Fig. 3.32 Generator torque during electrical short circuit. 
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The stator flux linkage observed using the closed loop observer under electrical short 

circuit is shown in Fig. 3.33. The instantaneous short circuit has resulted in an immediate 

change in stator flux linkage. By the control action of the field regulator, the stator flux 

linkage returns to the rated value.  

 

Fig. 3.33 Stator flux linkage during electrical short circuit. 

To summarize, the electrical disturbances in the diesel generator create disturbances 

in the DC link voltage. These disturbances travel upstream to the diesel generator as electro-

magnetic torque changes which induce first natural frequency oscillations in the mechanical 

driveline. The first natural frequency when produced, creates torsional stresses in the 

connecting shaft (coupling) between engine and generator, and exists for a very long 

duration. This creates excessive loads in the driveline.   

  The reasons for the failures in the coupling between engine and generator are 

instantaneous torque overload resulting in the development of cracks in the system and 

torsional twisting effect existing for a prolonged duration which results in the growth of the 

crack [26]. Thus, to protect the driveline, both these factors should be reduced under 

disturbances. 

3.4 Azimuth thruster modelling 

A typical configuration of the fixed pitch azimuth propulsion system is shown in Fig. 

3.34. It consists of the following: (1) mechanical system (propeller characteristics, 

drivetrain mechanical components) (2) electrical system (induction machine, converter, and 
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its control).  The steering motor is not considered in this analysis. The azimuth propulsion 

system is of 2 MW capacity with a propeller rated speed of 148 rpm and gear ratios of 17/41 

and 11/39 which is driven by an induction machine of 690 V, 60 Hz and 1200 rpm. The 

mechanical components are modelled in SIMPACK, electrical system, control, and 

propeller load characteristics are modelled in MATLAB Simulink.  
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Fig. 3.34 Configuration of azimuth propulsion system. 

3.4.1 Mechanical system modelling 

A Z- type azimuth propulsion system consists of a propeller, three shafts, two gears, 

and an electric motor as shown in Fig. 3.35. For the modelling purpose of shafts and 

gearboxes, simplification is required to reduce the computational burden. The state of the 

art analyses of the shafts and the gearboxes are using the Finite Element Modelling (FEM) 

approach. However, for torsional interaction study, it is not needed to use FEM [39, 118] 

as the frequency of interest is up to and around the synchronous region. The most common 

approach to the mechanical system is lumped parameter modelling, where a complex 

system is simplified into the spring-inertia model with similar dynamics. In this thesis, the 

azimuth propeller has been modelled as a six-inertia system, shown in Fig. 3.36. The inertia 

and stiffness have been transferred to the motor side using the gear ratios. The transferred 

inertia and the stiffness used for modelling are given in Table 3.6. The data for modelling 

the azimuth thruster driveline has been obtained from [121]. 



 Modelling and Control of Marine Propulsion Systems 
[4]  

61 

 

Table 3.6 Inertia, stiffness, and material damping transferred to the motor side. 

Index, i 
Inertia, 𝑱𝒊 

(kg.m2 ) 

Stiffness coefficient, 𝑲𝒊    

(N.m/rad) 

Damping coefficient, 𝑩𝒊  

(N.m.s/rad) 

1 125 9225310 725 

2 28.16 158929 725 

3 5.23 28829095 725 

4 1.29 1426670 725 

5 6.42 3305736 725 

6 36.69 ---- ----- 

Electrical 

motor 

Input shaft 
Upper gear 

Intermediate shaft 

Lower gear Propeller shaft 

Propeller 

 

Fig. 3.35 Azimuth thruster. 

TprTem

J1 J2 J3 J4 J5 J6

K1 K2 K3 K4 K5

B1 B2 B3 B4 B5

 

Fig. 3.36 Generalized representation of six-inertia system. 

The torsional characteristics of the propeller system are modelled using six inertia-

spring-damper system [118]. The differential equations describing the dynamics of the six-

inertia system are, 
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𝐽1
𝑑𝜔1

𝑑𝑡
= 𝑇𝑒𝑚 − 𝐵𝜔1 − 𝐾1(𝜃1 − 𝜃2) − 𝐵1(𝜔1 − 𝜔2) 

𝐽𝑖
𝑑𝜔𝑖

𝑑𝑡
= 𝐾𝑖−1(𝜃𝑖−1 − 𝜃𝑖) + 𝐵𝑖(𝜔𝑖−1 − 𝜔𝑖)  − 𝐾𝑖(𝜃𝑖 − 𝜃𝑖+1) − 𝐵𝑖(𝜔𝑖 − 𝜔𝑖+1) 

𝐽6
𝑑𝜔6

𝑑𝑡
= 𝐾5(𝜃5 − 𝜃6) + 𝐵5(𝜔5 − 𝜔6) − 𝑇𝑝𝑟 

(3.47) 

where, 𝜔1, 𝜔2,  𝜔3, 𝜔4, 𝜔5, and 𝜔6 represent the speeds at the reference inertias and 

𝜃1−𝜃2 ,  𝜃2−𝜃3 ,  𝜃3−𝜃4 , and  𝜃5−𝜃6  represent the angular displacements between the 

adjacent reference inertias. 𝑇𝑒𝑚 and 𝑇𝑝𝑟 represent the motor  torque and the propeller load 

torque. The electro-magnetic torque 𝑇𝑒𝑚  is a function of electrical motor’s current, voltage, 

and flux. The electro-magnetic damping in the motor is actually added in the viscous and 

frictional damping of the electrical machine which is the term 𝐵𝜔1 in (3.47) [116].  The electro-

magnetic damping in induction machine is function of the slip. High power induction machines 

have relatively lower slip value and this results in a large torque/slip ratio, representing a 

relatively stiff electro-mechanical connection with limited damping property [56]. The value of 

viscous damping in this modelling is 0.1 Nms/rad.  𝐽𝑖, 𝐾𝑖, and 𝐵𝑖 represent the inertia, stiffness, 

and damping at the respective 𝑖𝑡ℎ  reference inertia. The terms𝐵1(𝜔1 − 𝜔2), 𝐵2(𝜔2 − 𝜔3), 

𝐵3(𝜔3 − 𝜔4), 𝐵4(𝜔4 − 𝜔5), and 𝐵5(𝜔5 − 𝜔6) are coming from the material damping of the 

shafts and the electro-magnetic damping will not contribute to these terms. 

The mechanical natural frequency and damping ratios are determined to identify the 

electro-mechanical interaction and torsional interaction in the operation of the propeller. 

Since there are six inertias and five stiffness, the order of the system will be 11. Table 3.7 

shows the natural frequency and damping ratio of the propeller drivetrain system. The 

complex conjugate poles determine the natural frequency of the system while the first-order 

pole determines the response speed of the mechanical system.  

To analyse the behaviour at the different reference poles, the eigenanalysis of the 

six-inertia system is taken and is shown in Fig. 3.37. The x-axis displays the index in Table 

3.7 which corresponds to the various poles in the system. At the index 1, speeds of all the 

inertias (𝐽1 to 𝐽6 in Fig. 3.36) are the represented with a normalised value of 1, and the 

inertias are in phase. A single joined inertia can approximate the system behaviour at the 

first pole. For the index 2 ( 𝜔𝑟𝑒𝑠1), the inertia-3 to inertia-6 have an amplitude one while 
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other inertias have an amplitude near to 0.2 pu. From the eigenvalue phase plot, inertia-1 

and inertia-2 are moving antiphase (180 degrees) to inertias-3 to inertia-6. There is a 

torsional twisting point between inertia-2 and inertia-3. The behaviour at this eigenvalue 

can be considered as a two group of inertias with first inertia being the combined inertia of 

inertia-1 and inertia-2 and second inertia is the sum of inertias-3 to inertia-6.   

 

 

       

Fig. 3.37 Eigenanalysis of six-inertia system (a) Amplitude plot (b) Phase plot. 

For the index value 3 ( 𝜔𝑟𝑒𝑠2), the inertia-3 and inertia-4 have the amplitude near to 

1 pu while inertia-1 and inertia-2 have the magnitude near to 0 pu and inertia-5, and inertia-

(a) 

(b) 
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6 have amplitude near to 0.6 pu. The phase angle difference between inertia-2 and inertia-

3 is 180 degrees and between inertia-4 and inertia-5 is 180 degrees. Hence, there are two 

torsional twisting points, one between inertia-2 and inertia-3 and the other between inertia-

4 and inertia-5. The behaviour at this natural frequency can be approximated by a three-

inertia representation, where the first inertia being the combined inertia of inertia-1 and 

inertia-2, second inertia the combined inertia of inertia-3 and inertia-4 and the third inertia 

combined inertia of inertia-5 and inertia-6 respectively. Similarly, the behaviour at higher 

eigenvalues will be four-inertia, five-inertia, and six-inertia system respectively. 

Table 3.7 Pole and natural frequency of the mechanical system. 

 

 

Index Pole Damping ratio 

 

Natural frequency 

(Hz) 

 

Time constant 

(s) 

1 -0.00451 1 --- 221.73 

2 -3.29 ± 59i 0.05 9.74 (𝛚𝐫𝐞𝐬𝟏) 0.3040 

3 -11.7 ± 254i 0.045 38.2 (𝛚𝐫𝐞𝐬𝟐) 0.0854 

4 -21.2±  637i 0.033 101.54 (𝛚𝐫𝐞𝐬𝟑) 0.0471 

5 -119 ± 1000i 0.118 160.74 0.0084 

6 -222 ± 3570i 0.0621 569 0.0045 

3.4.2 Electrical system modelling 

The induction motor in this thesis is sized at 2 MW rating; the parameters used for 

modelling the machine are given in Table 3.8. This induction motor is fed by a two-level 

voltage source inverter with a DC bus voltage of 1200 V and capacitance of 0.3 F. The 

switching frequency is 3600 Hz. Two control schemes are implemented for controlling the 

induction motor in the propeller drivetrain system. In the first case, the induction motor is 

controlled in the torque control mode by using the inner current loops only. In the second 

case, the induction motor is controlled in the speed control mode using the outer speed loop 

controller and inner current loop controllers. 

The induction motor is modelled in the rotor flux oriented synchronous reference 

frame [118, 124] as  
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𝑉𝑠𝑑 = (𝑟𝑠 + 𝜎𝐿𝑠𝑝)𝑖𝑠𝑑 +
𝐿𝑚

𝐿𝑟
𝑝𝜓𝑟 − 𝜔𝑠𝜎𝐿𝑠𝑖𝑠𝑞 (3.48) 

𝑉𝑠𝑞 = (𝑟𝑠 + 𝜎𝐿𝑠𝑝)𝑖𝑠𝑞 +
𝐿𝑚

𝐿𝑟
𝜔𝑠𝜓𝑟 + 𝜔𝑠𝜎𝐿𝑠𝑖𝑠𝑑 (3.49) 

𝑇𝑒𝑚 =
3

2

𝑃

2
𝜓𝑟𝑖𝑠𝑞 (3.50) 

where 𝑅𝑠is the stator resistance, 𝐿𝑠 is the stator inductance, 𝜎 is the leakage coefficient, 

𝐿𝑚 , 𝐿𝑟 represent the magnetising and rotor inductance respectively. The azimuth propeller 

is controlled in the torque mode and speed mode by using the induction machine.  Both 

these control schemes are implemented based on the induction machine model given in 

(3.48), (3.49), and (3.50).  

Table 3.8 Electrical machine parameters 

Parameters Values 

No of pole pairs 3 

Stator resistance (Ω) 0.00238 

Stator leakage inductance (H) 0.0000316 

Magnetizing inductance (H) 0.001896 

Rotor resistance (Ω) 0.00143 

Rotor leakage inductance (H) 0.0000316 

1) Torque control 

The machine can be torque controlled using inner current loops. The design of the 

PI controllers for the inner current loop is done by using the bandwidth of the electrical 

system. The current control loop has a bandwidth of 1/10 of the switching frequency, i.e. 

360 Hz. The control block diagram of torque control mode is illustrated in Fig. 3.38. 
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Fig. 3.38 Torque control loop of propeller. 

The voltage equations in (3.48) and (3.49) are coupled by speed-related 

terms 𝜔𝑠𝜎𝐿𝑠𝑖𝑠𝑞,𝜔𝑠𝜎𝐿𝑠𝑖𝑠𝑑, and 
𝐿𝑚

𝐿𝑟
 𝜔𝑠𝜓𝑟. By providing feedforward control scheme for the 

speed related terms, the transfer functions between 𝑖𝑠𝑞 and 𝑉𝑠𝑞 and 𝑖𝑠𝑑 and 𝑉𝑠𝑑 become 

 𝑖𝑠𝑞

𝑉𝑠𝑞
=

1

𝑅𝑠 + 𝜎𝐿𝑠𝑠
 (3.51) 

 𝑖𝑠𝑑
𝑉𝑠𝑑

=
1

𝑅𝑠 + 𝜎𝐿𝑠𝑠
 (3.52) 

The open loop transfer function between current error and actual current is given as 

 𝑖𝑠𝑞

𝑖𝑠𝑞𝑒𝑟𝑟𝑜𝑟
=

𝐾𝑖 + 𝐾𝑝𝑠

(𝑅𝑠 + 𝜎𝐿𝑠𝑠)𝑠
 (3.53) 

 𝑖𝑠𝑑
𝑖𝑠𝑑𝑒𝑟𝑟𝑜𝑟

=
𝐾𝑖 + 𝐾𝑝𝑠

(𝑅𝑠 + 𝜎𝐿𝑠𝑠)𝑠
 (3.54) 

By selecting 
𝐾𝑖

𝐾𝑝
=

𝑅𝑠

𝜎𝐿𝑠
  the effect of machine pole can be cancelled, and the system behaves 

at the new control pole [124]. 

The closed loop transfer function between actual torque and commanded torque is same 

as the transfer function between actual q axis current and reference current. 

 𝑇𝑒𝑚

𝑇𝑒𝑚𝑟𝑒𝑓
=

𝑖𝑠𝑞

𝑖𝑠𝑞𝑟𝑒𝑓
=

𝐾𝑝

𝜎𝐿𝑠𝑠 + 𝐾𝑝
 (3.55) 

For the desired control loop bandwidth  𝜔𝑏𝑤 , neglecting the inverter time-delay 

effect, the controller parameters should be 𝐾𝑖 = 𝑅𝑠𝜔𝑏𝑤  and 𝐾𝑝 = 𝜎𝐿𝑠𝜔𝑏𝑤  [124]. The 

bandwidth of the current loop is 𝜔𝑏𝑤 = 2𝜋 × 360 rad/s and the resistance and leakage 
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inductance of the stator is 𝑅𝑠 =  0.00238 Ω and  𝐿𝑠 = 0.0000316 H. The with 𝐾𝑝=0.0715 and 

𝐾𝑖=5.38. For accelerating and decelerating the propeller, a ramping up algorithm for torque 

reference is given with a ramp-up time of 5 s.   

2) Speed control 

In the speed control mode, an additional control loop is provided for the speed 

reference. The reference torque is obtained from the speed error using a PI controller. The 

bandwidth of the outer speed loop is obtained by compensating the first order dominant 

pole considering the current loop transfer function be equal to unity. The behaviour at the 

first dominant pole is single inertia shown in the Eigen analysis in section 3.4.1. The speed 

control loop of the propeller is illustrated in Fig. 3.39.  
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Fig. 3.39 Speed control loop of propeller. 

The transfer function between motor speed to torque at the first dominant pole is   

 𝜔𝑚

𝑇𝑒𝑚
=

1

𝐽𝑠 
 (3.56) 

here 𝐽 is the total inertia of the mechanical system. 

 𝜔𝑚

𝜔𝑚𝑒𝑟𝑟𝑜𝑟
=

𝐾𝑖 + 𝐾𝑝𝑠

𝑠(𝑠𝐽)
 (3.57) 

 

The closed loop transfer function is 

 
𝜔𝑚

𝜔𝑚𝑟𝑒𝑓
=

𝐾𝑖  + 𝐾𝑝𝑠
𝐽  

𝑠2 +
𝐾𝑝

𝐽  𝑠 +
𝐾𝑖
𝐽   

 (3.58) 
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The denominator of (3.58) is second order in s. The design of the controller gains for the 

outer speed regulation loop is done using the integral of time multiplied by the absolute of 

the error (ITAE) performance index based on (3.37). The controller gains are 𝐾𝑝 =

1.5ωcn𝐽𝑡𝑜𝑡𝑎𝑙 and 𝐾𝑖 = 𝜔𝑐𝑛
2 𝐽𝑡𝑜𝑡𝑎𝑙. The total inertia value 𝐽𝑡𝑜𝑡𝑎𝑙 = 202.79 𝐾𝑔𝑚2 and closed 

loop natural frequency of the outer speed regulation loop 𝜔𝐶𝑛 = 2𝜋 × 5 rad/s. The 

corresponding proportional and integral values are 𝐾𝑝 = 9843 and 𝐾𝑖 = 218710.  

3.4.3 Propeller characteristics 

The thrust and torque for a fixed pitch propeller are modelled as a square function of 

speed. The thrust and torque are formulated as [30] 

 𝐹𝑝 = 𝜌𝐷4𝐾𝑇𝜔|𝜔| (3.59) 

 𝑇𝑝 = 𝜌𝐷5𝐾𝑄𝜔|𝜔| (3.60) 

 𝑃𝑝 = 𝑇 × 𝜔 (3.61) 

where  𝐹𝑝 is the propeller thrust, 𝑇𝑝 is propeller torque, 𝑃𝑝 is the propeller power output, 𝜌 

the salt water density, 𝐷 is the propeller diameter, and 𝜔 is the angular speed in rad/s.  

𝐾𝑇 and 𝐾𝑄 are called thrust and torque coefficient. 𝐾𝑇 and 𝐾𝑄 are varying parameters and 

are functions of inflow velocity, rotational speed, pitch ratio, expanded area ratio, 

maximum thickness, and chord length of the blades. These constants are non-dimensional 

and are found by open water test at zero inflow velocity [37]. For the simulation simplicity, 

they are considered as positive constants [35]. The parameters used for modelling propeller 

characteristics are given in Table 3.9. 

Table 3.9 Propeller parameters 

Parameters Values 

Saltwater density 

(kg/m3) 
1025 

Diameter (m) 3 

𝐾𝑇 0.000012 

𝐾𝑄 0.000004 
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3.4.4 Simulation results 

The proposed lumped parameter model of the azimuth thruster integrated with the 

electrical system is tested under the extreme rapid ventilation condition. For the extreme 

ventilation, both amplitude and duration varying conditions are considered. The simulation 

comprises of two case studies with varying ventilation condition; in the former the propeller 

system is controlled in the torque control mode, while in the latter the propeller system is 

controlled in the speed-controlled mode. The reason for applying a varying ventilation 

condition is to check whether the duration or the amplitude of the ventilation under different 

control modes resulted in more severe electro-mechanical interaction and oscillation in the 

azimuth driveline system. For analysis, the combination of stiffness and damping together 

considered as a shaft element, thus the proposed model has six inertias and five shaft 

elements.  

 

Fig. 3.40 Time-varying function to represent rapid ventilation. 

For modelling the extreme ventilation, a time varying function is multiplied with the 

propeller characteristics in (3.60). Fig. 3.40 represents the propeller load torque disturbance 

input, under varying ventilation conditions: duration and amplitude variation, are simulated. 

The amplitude variations considered are 100 %, 50 %, and 25 % load reduction with 

duration of the ventilation of 0.06 s, 0.3 s, and 0.75 s at 10s, 25 s, and 40 s respectively. 

The duration of the ventilation events is equally divided between fall time, steady time 

(valley), and rise time. As stake holder data are involved in the design, the simulation results 

are normalised and expressed in per unit scale.    
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Case Study: Rapid ventilation in torque control mode 

Figure 3.41 displays the torque of the machine under torque control mode, which is 

initially ramped up within 5 s and stays at the full load value as input from the ship operator. 

Fig. 3.42 represents the propeller load torque, under varying ventilation conditions. From 

Fig. 3.41 and Fig. 3.42, the propeller load torque shows sudden variation, but such 

phenomena are not reflected to the electro-magnetic torque of the machine. The difference 

in torque between the motor and propeller load torque is an input to the propeller driveline 

and affects the propeller driveline. At 10 s, 15 s, and 20 s ventilation the rate of fall and rate 

of rise of propeller torque are much higher than the natural frequency of the system, such 

that the dynamic load changes act as an impulse input to the propeller driveline. This result 

in mechanical oscillation within the propeller driveline. 

 

Fig. 3.41 Electro-magnetic torque in the torque control mode. 
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Fig. 3.42 Propeller load torque in torque control mode. 

At 25 s, 30 s, 35 s, 40 s, 45 s, and 50 s instants, the rate of fall and rate of rise of 

propeller torque is less. The difference in torque between the propeller and motor result in 

mechanical oscillation of very small amplitude only. Since the load torque is zero during 

the ventilation meaning the propeller system is unloaded, the motor torque will be acting 

as an acceleration force to the propeller driveline. Because of this acceleration, the propeller 

driveline speed is increased. The increased propeller speed results in an increased propeller 

torque at propeller re-entering to water after ventilations as according to (3.60). The 

increased propeller torque when more than motor torque will act as a breaking effect to the 

propeller driveline, and the propeller driveline speed will be decreased. The balance will 

be obtained when motor torque equal to propeller torque and system will return to same 

rotating speed before ventilation.  

Figure 3.43 represents the torque at different shafts in the driveline during ventilation 

events. From Fig. 3.42 and Fig. 3.43 (a), when the duration of the ventilation incidents is 

higher, shaft torque follows the characteristics as that of the propeller torque. While at 10 

s, 15 s, and 23 s shaft torque is oscillating and its peak amplitude is reaching 100% higher 

than the full load torque. Zoomed in view of shaft torque from 9.9 s to 11 s in Fig. 3.44 (b) 

indicates the sinusoidal oscillation are having a frequency of 9.74 Hz and exists up to 10.7 

s. At other ventilation instances when the propeller re-enters the water, the shaft has to carry 

over-torque and this over torque is reaching 50% higher than the rated torque just after 

40.75 s. 
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Fig. 3.43 Shaft torque in torque control mode (a) Shaft torque (b) Zoomed view 

at  𝑡 =  10 s. 

Figures 3.44 (a) and (b) represent the inertia speeds at different points in the 

driveline. From Fig. 3.44 (a), lower the ventilation duration in torque control mode, the 

smaller the deviation from nominal operating speed. This is because of lower time available 

for the acceleration. Zoomed in view of inertia speeds shown in Fig. 3.44 (b) illustrates 

(a) 

(b) 
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that, inertia -1 and inertia-2 are oscillating in phase, while all other inertias are oscillating 

antiphase.  This shows torsional stress between inertia-2 and inertia-3. 

 

 

 

 

Fig. 3.44 Inertia speed in torque control mode (a) Inertia speed (b) Zoomed view 

at 𝑡 =  10 𝑠. 

When the duration of the ventilation events is becoming smaller, mechanical 

oscillations of high amplitude are induced in the driveline. Under torque control mode, the 

mechanical oscillations are contained within the mechanical driveline components only and 

(b) 

(a) 
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are not reflected to the electrical system. This condition badly affects the driveline 

components. The mechanical oscillations are characterised with a large value of torsional 

stress between inertia-2 and inertia-3. When the duration of the ventilation incidents is 

becoming higher in torque control mode, acceleration effects are produced, so the shaft has 

to carry over torque while re-entering to water. Thus, in torque control mode both short 

duration and long duration ventilation can affect the propeller driveline life expectancy. 

Case Study: Rapid ventilation in speed control mode 

 

Fig. 3.45 Electro-magnetic torque in the speed control mode. 

 

Fig. 3.46 Propeller load torque in speed control mode. 



 Modelling and Control of Marine Propulsion Systems 
[4]  

75 

Figure 3.45 represents the electro-magnetic torque of the machine under speed 

control mode. Fig. 3.46 represents the propeller torque and Figs. 3.47 (a) and (b) show the 

shaft torque at different ventilation instants. The electro-magnetic torque in Fig.3.45 

illustrates that electrical system reacts to sudden load disturbances to mitigate the effects. 

The electro-magnetic torque follows the same characteristics as that of the shaft torque. The 

shaft torque results in Figs. 3.47 (a) and (b) show that the speed control is not efficient to 

remove large torque oscillations existing in the propeller driveline. Since, the acceleration 

of the propeller driveline is prevented, the over torques while re-entering to water are 

removed in speed control mode. 

Figures 3.48 (a) and (b) represent the inertia speeds at different points in the 

driveline. Since the speed controller tends to make the speed constant, the speeds of the 

propeller system almost remain constant at normal operating speed. But at instants of rapid 

ventilation, the speed loop controller maintains the speed of the motor system constant, 

while the propeller driveline components have higher amount of oscillations at the 

mechanical natural frequency. This is indicated in Fig. 3.48 (b), which shows the inertia 

speeds from 9.9s to 11s. The difference in speed between inertia-2 and inertia-3 indicates, 

a torsional stressing point exists which is like torque control mode in Fig. 3.44 (b). 

When the duration of the ventilation events is becoming smaller, mechanical 

oscillation of high amplitude are induced in the driveline. Under speed control mode, the 

speed controller tends to remove the oscillation at the motor end, but higher amplitude 

oscillations can still exist within the driveline. Since the speed loop controller tends to 

remove the mechanical oscillation at the motor end, the electrical system voltage and 

current are affected. The presences of high amplitude oscillations within the driveline 

indicate that the mechanical system components will be getting stressed under speed control 

mode. Adding a speed loop to the propeller control system is not sufficient to remove 

mechanical oscillations existing within the propeller driveline. 

To summarize, the rapid ventilations in the azimuth thruster create first torsional 

frequency vibrations and elevated load levels in the driveline system. The effects are more 

severe in torque control as compared to speed control, where both short and long duration 

ventilations created elevated load levels. The prolonged existence of these conditions can 

lead to development and growth of the cracks and final break down of thruster. 
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Fig. 3.47 Shaft torque in speed control mode (a) Shaft torque (b) Zoomed view 

at  𝑡 =  10 𝑠. 

 

(a) 

(b) 
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Fig. 3.48 Inertia speed in speed control mode (a) Inertia speed (b) Zoomed view 

at 𝑡 =  10 𝑠. 

 

3.5 Conclusion 

Detailed diesel generator system model in terms of mechanical vibrations, diesel 

engine characteristics, and the control of three phase active front end converter are 

investigated. The detailed model is used to predict the effects of mechanical and electrical 

disturbances in diesel generator systems. The disturbance excites resonant frequency 

oscillations that induce fatigue torque overloads and torsional stresses between the engine 

(a) 

(b) 
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and the generator.  To reduce the effect of torsional stresses and over-torque, a torsional 

vibration reduction scheme is need to be integrated with the diesel generator control.  

The torsional stresses among the individual driveline components is one of the main 

fatigue reason for the azimuth propeller. Detailed mechanical drivetrain model in terms of 

torsional oscillation, modelling and control for the three-phase inverter driven induction 

machine, and electro-mechanical interaction between electrical machine and propeller 

drivetrain are investigated. Both speed control and torque control modes have been 

investigated to show over load, torsional oscillation, and dynamic mismatch between motor 

and propeller driveline components under sudden load change conditions. 

The next chapter deals with the theoretical and comparative analyses of various 

torsional vibration damping schemes. Two new control solutions for reducing torsional 

vibration in electro-mechanical systems are proposed and investigated.  
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Chapter 4 Analysis of Torsional Vibration Mitigation 

Techniques 

4.1 Introduction 

From the modelling and simulation of extreme disturbances in diesel generator and 

azimuth thruster show that torsional oscillations, dynamic speed differences, and torque 

over loads are developed between driveline components. These stresses will affect the life 

expectancy of individual driveline components. The conventional mechanical solution for 

reducing torsional stresses is by increasing the material damping of the flexible coupling. 

By increasing the material damping, the first torsional frequency damping ratio can be 

increased, and the torsional spring load can be limited as material damping cost is a major 

criterion. Moreover, material damping convert vibration energy in to heat and this excessive 

heat may result in additional problems with the flexible coupling. Another approach for 

reducing torsional vibration is by using electrical control solutions. The electrical control 

solutions convert torsional energy to electrical energy. There are many researchers who 

have applied the power electronic converters of the drivetrain to absorb the transient energy 

of the torsional vibration [3, 42-46, 56, 77-81, 85, 93, 98-102, 127-131] and these methods 

are summarised in Fig. 4.1. 

 

Torsional vibration mitigation

Mechanical solution Electrical solution 

Speed controller Acceleration Torsion

Machine acceleration

Load acceleration

Speed difference

 Speed

Machine speed
Shaft torque

 

Fig. 4.1  Mitigation approaches for torsional vibrations in electro-mechanical 

systems. 

The first approach for damping of torsional vibrations were reported from paper 

machine industry and steel rolling mills. The reported solutions mainly dealt with speed 
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controller tuning and its associated performance [44, 77-81, 85, 127, 128]. But such 

solutions cannot be adopted in marine industry, since in marine diesel generator speed 

control is performed on the engine side, and in the azimuth thruster the electrical machine 

is operated in torque control mode without any outer speed loop. Information regarding the 

speed of electrical machine is filtered using a band-pass filter used to provide damping for 

the electro-mechanical systems [3, 42, 43, 56, 93 101, 102, 129]. This method represented 

as Machine Speed Feedback (MSF) was successful in providing damping to the first 

torsional frequency and has been implemented in applications such as general industrial 

drives, wind turbines, diesel generator systems, and vehicular systems etc. This method was 

promising as it does not require any additional sensors. Solutions based on the acceleration 

feedback were reported from wind industries [45, 46, 100]. Both machine speed 

acceleration and turbine speed acceleration were used to limit fatigue loads. Acceleration 

based methods vary the inertia of the driveline. Another approach for reduction of torsional 

vibration was based on feedback of torsion. There are two categories for the torsion based 

methods, one based on the feedback of shaft torque and the second based on the feedback 

of speed difference. The methods based on shaft torque have been investigated in literatures 

[98, 99, 130].  The method uses the feedback of derivative of the shaft torque. The method 

was able to provide damping but is found to be noisy as the differentiation process amplifies 

measurement noise. The low-pass filter inserted after the differentiator degrades the 

dynamics of the drive.  The method based on speed difference has not been dealt completely 

in literatures even though initial investigations had been made in [131].  In this chapter, the 

author analyses different torsional vibration mitigation techniques such as Machine Speed 

Feedback (MSF), Machine Acceleration Feedback (MAF), and Load Acceleration 

Feedback (LAF). The limitations of these control methods are explained. With the 

limitation of the existing techniques, two new control solutions have been proposed which 

uses feedbacks of torsion effectively and can limit torsional vibration. The two new control 

techniques are based on speed difference and shaft torque sensing and can provide virtual 

stiffness and virtual material damping in the driveline. The reduction of torsional vibration 

using shaft torque information and resonant controller has been submitted as a patent with 

Rolls- Royce PLC. 
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4.2 Analysis 

From the Eigen analysis of diesel generator and azimuth thruster, it is observed that 

the mechanical driveline in both systems can be simplified to a two-inertia model to 

describe the behaviour at first torsional frequency.  Similarly, any electro-mechanical 

system with flexible joint can be represented as a two-inertia system to represent the first 

torsional frequency.  In such two-inertia model, the machine inertia is the driving inertia 

and the load inertia is the driven inertia, with the flexible coupling stiffness as the 

connecting element.  The two-inertia representation of such electro-mechanical system is 

shown in Fig. 4.2 and the modelling state equations are given in (4.1). The block diagram 

representation of the state equations are illustrated as in Fig. 4.3.  
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Fig. 4.2  Two-inertia system. 
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The state variables are  𝑥 = (𝜔𝑚 𝜔𝑙 𝜃𝑚 − 𝜃𝑙  )
𝑇, 𝑇𝑚 machine torque is the control 

input and 𝑇𝑙 is the disturbance input. 𝜔𝑚, 𝜔𝑙  are the speeds that can be measured using the 

speed encoder system. The two-inertia system is characterized with resonant and anti-

resonant frequencies. The expression for resonant frequency, anti-resonant frequency, and 

damping ratio of the two-inertia system is given as follows: 
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𝜔𝑟𝑒𝑠 = √𝐾𝑠ℎ  
𝐽𝑚 + 𝐽𝑙
𝐽𝑚 × 𝐽𝑙

 ,    𝛿𝑟𝑒𝑠 =
𝐵𝑠ℎ

2
 √

𝐽𝑚 + 𝐽𝑙
𝐾𝑠ℎ(𝐽𝑚 × 𝐽𝑙)

 (4.2) 

 

𝜔𝑎𝑛𝑡𝑖𝑟𝑒𝑠 = √
𝐾𝑠ℎ

𝐽𝑙
  ,    𝛿𝑎𝑛𝑡𝑖𝑟𝑒𝑠 =

𝐵𝑠ℎ

2
 √

1

𝐾𝑠ℎ × 𝐽𝑙
 (4.3) 

since  
𝐽𝑚+𝐽𝑙

𝐽𝑚×𝐽𝑙
 is always less than  𝐽𝑙 ,  𝜔𝑟𝑒𝑠 > 𝜔𝑎𝑛𝑡𝑖𝑟𝑒𝑠 and 𝛿𝑟𝑒𝑠 > 𝛿𝑎𝑛𝑡𝑖𝑟𝑒𝑠. 

Using (4.1) and Fig. 4.3, the transfer functions relating machine speed, machine 

acceleration, load speed, load acceleration, and shaft torque to electro-magnetic torque are  
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Fig. 4.3  Block diagram representation of two-inertia system. 
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) + 𝐾𝑠ℎ (

1
𝐽𝑚

+
1
𝐽𝑙
))

 
(4.7) 
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𝑇𝑠ℎ

𝑇𝑚

=

𝐾𝑠ℎ

𝐽𝑚
 

(𝑠2 + 𝐵𝑠ℎ𝑠 (
1
𝐽𝑚

+
1
𝐽𝑙
) + 𝐾𝑠ℎ (

1
𝐽𝑚

+
1
𝐽𝑙
))

 

(4.8) 

The dynamic torque reduction of various control algorithm is analyzed using the 

transfer functions (4.4) to (4.8). The variables in all the transfer functions are filtered using 

a band pass filter which is tuned to the resonant frequency. It is assumed that the filter is 

ideal and does not contribute any poles and zeros in the system transfer function. 

4.2.1 Machine Speed Feedback (MSF) 

In MSF, electrical machine speed is filtered using a band pass filter tuned at the first 

torsional frequency. The filtered output is fed to the electro-magnetic torque reference 

through a proportional control gain. The block diagram representation of the MSF method 

is as shown in Fig. 4.4.  

+-
- +

+-+ +-
1/Jm 1/s

ωm ωl
1/s

Tsh

Tl

1/s

Bm
Bsh

1/JlKshKp
Tm

ω 
*
m-res

+-

ω m-res

αl

Filter

αm

ωm   

Fig. 4.4  Machine Speed Feedback block diagram. 

The analysis of MSF is done using (4.4) and Fig. 4.4. For the control analysis a new 

control variable is defined 𝜔𝑚−𝑟𝑒𝑠, which is the filtered output of the machine speed at the 

resonant frequency. The steady state value of this control variable 𝜔𝑚−𝑟𝑒𝑠 is zero, and the 

reference value 𝜔𝑚−𝑟𝑒𝑠
∗  is also zero.  With proportional controller   𝐾𝑝 , the open-loop 

transfer function is 

 

𝐺𝜔𝑚−𝑟𝑒𝑠
(𝑠) =

𝐾𝑝

𝐽𝑚𝑠

(𝑠2+
𝐵𝑠ℎ𝑠

𝐽𝑙
+

𝐾𝑠ℎ
𝐽𝑙

)

(𝑠2+𝐵𝑠ℎ𝑠 (
1

𝐽𝑚
+

1

𝐽𝑙
)+𝐾𝑠ℎ(

1

𝐽𝑚
+

1

𝐽𝑙
))

  (4.9) 

Closing the loop of the resonant speed feedback, the ratio of 𝜔𝑚−𝑟𝑒𝑠  concerning the 

regulator speed reference 𝜔𝑚−𝑟𝑒𝑠
∗  is 
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𝜔𝑚−𝑟𝑒𝑠

𝜔𝑚_𝑟𝑒𝑠
∗ =

𝐾𝑝(𝑠2+
𝐵𝑠ℎ𝑠

𝐽𝑙
+

𝐾𝑠ℎ
𝐽𝑙

)

𝐾𝑝(𝑠2+
𝐵𝑠ℎ𝑠

𝐽𝑙
+

𝐾𝑠ℎ
𝐽𝑙

)+𝐽𝑚𝑠(𝑠2+𝐵𝑠ℎ𝑠 (
1

𝐽𝑚
+

1

𝐽𝑙
)+𝐾𝑠ℎ(

1

𝐽𝑚
+

1

𝐽𝑙
))

   (4.10) 

From the new transfer function (4.10), MSF controller results with changes in all the 

coefficients in the denominator, which interprets that there are changes in natural frequency 

as well as damping ratio. The amount of changes depends on the controller gain, which can 

be analysed using the root locus method. The closed loop transfer function (4.10) root locus 

is shown in Fig. 4.5.  
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Fig. 4.5  Machine Speed Feedback root locus diagram. 

From the root locus diagram, the increase in control gain 𝐾𝑝 will result in movement 

of the poles
1

s+δresωres+jωres√1−δres
2

+
1

s+δresωres−jωres√1−δres
2

 of (4.4) up to zeros  (s +

δantiresωantires + jωantires√1 − δantires
2  ) +  ( s + δantiresωantires − jωantires√1 − δantires

2  ) . The 

movement is not linear, and it follows a parabolic path. At first the poles move to the left 

most region and returns. The amount of horizontal movement parallel to the real axis 

corresponds to the change in damping ratio, and the amount of vertical movement parallel 

to the imaginary axis corresponds to the change in natural frequency. The left most region 
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corresponds to the highest damping achievable. The corresponding dynamic torque 

reduction using MSF is shown in bode plot in the right side of Fig. 4.5. From the bode plot, 

initial increase in control gain results in the reduction of the torque amplitude until it reaches 

to a minimum. The minimum torque amplitude point corresponds to the highest damping 

achievable. After the minimum torque point, any increase in control gain 𝐾𝑝 results in 

torque amplification. Hence the minimum torque point is the limit for the MSF control 

action.  The control gain of the MSF control can be designed based on the settling time 

requirement as the settling time is directly linked to the natural frequency and damping 

ratio by the expression 𝑡𝑠 =
4

𝛿𝜔𝑛
. Hence according to the settling requirement, it is possible 

to calculate the new damping ratio and natural frequency and the corresponding control 

gain from the root locus such that limits for MSF control action is not exceeded. In MSF, 

the change of natural frequency and damping ratio depends on the controller gain 𝐾𝑝 .  

Hence, an independent control of damping ratio and natural frequency is not possible. 

4.2.2 Machine Acceleration Feedback (MAF) 

In MAF, electrical machine acceleration is filtered using a band pass filter tuned at 

the first torsional frequency. The filtered output is fed to the electro-magnetic torque 

reference through a proportional control gain. The block diagram representation of the 

MAF method is shown in Fig. 4.6. 

The analysis of MAF is done using (4.5) and Fig. 4.6. For the control analysis, a new 

control variable is defined 𝛼𝑚−𝑟𝑒𝑠, which is the filtered output of the machine acceleration 

at the resonant frequency. The steady state value of this control variable 𝛼𝑚−𝑟𝑒𝑠 is zero, 

and the reference value 𝛼𝑚−𝑟𝑒𝑠
∗  is also zero.  With proportional controller  𝐾𝑝, the open-

loop transfer function is, 

𝐺𝛼𝑚−𝑟𝑒𝑠
(𝑠) =

𝐾𝑝

𝐽𝑚

(𝑠2 +
𝐵𝑠ℎ𝑠
𝐽𝑙

+
𝐾𝑠ℎ

𝐽𝑙
)

(𝑠2 + 𝐵𝑠ℎ𝑠 (
1
𝐽𝑚

+
1
𝐽𝑙
) + 𝐾𝑠ℎ (

1
𝐽𝑚

+
1
𝐽𝑙
))

 
(4.11) 

Closing the loop of the resonant acceleration feedback, the ratio of 𝛼𝑚−𝑟𝑒𝑠 concerning the 

regulator acceleration reference 𝛼𝑚−𝑟𝑒𝑠
∗  is, 
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Fig. 4.6  Block diagram representation of Machine Acceleration Feedback. 

𝛼𝑚−𝑟𝑒𝑠

𝛼𝑚_𝑟𝑒𝑠
∗

=

𝐾𝑝

𝐽𝑚
(𝑠2 +

𝐵𝑠ℎ𝑠
𝐽𝑙

+
𝐾𝑠ℎ

𝐽𝑙
)

(𝑠2 (1 +
Kp

Jm
) + 𝐵𝑠ℎ𝑠 (

1
𝐽𝑚

+
1
𝐽𝑙

+
𝐾𝑝

𝐽𝑙 × 𝐽𝑚
) + 𝐾𝑠ℎ (

1
𝐽𝑚

+
1
𝐽𝑙

+
𝐾𝑝

𝐽𝑙 × 𝐽𝑚
))

 (4.12) 

Similar to MSF, MAF control action results in changes in all the coefficients in the 

denominator. The natural frequency and damping ratio can be effectively varied.  The 

closed loop transfer function (4.12) root locus is shown in Fig. 4.7.  
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Fig. 4.7  Root locus for the Machine Acceleration Feedback. 

 

  With the increase in controller gain 𝐾𝑃 , poles
1

s+δresωres+jωres√1−δres
2

+

1

s+δresωres−jωres√1−δres
2

 of (4.5) up to zeros (s + δantiresωantires + jωantires√1 − δantires
2  ) + (s +
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δantiresωantires − jωantires√1 − δantires
2

 ). The movement is linear, and the closed loop natural 

frequency is shifted to a lower frequency region with lower damping ratio. Hence, when 

sinusoidal excitation at the mechanical natural frequency (ωres) arrives, by shifting the 

closed loop frequency to a lower frequency region, the torsional stress and torque 

amplitudes can be reduced. If the exciting sinusoidal frequency matches with the new 

closed loop frequency it again results in resonance. Hence, MAF introduces new load points 

in the operation characteristics of the driveline. In MAF, the change of natural frequency 

and damping ratio depends on the controller gain 𝐾𝑃.  Hence, an independent control of 

damping ratio and natural frequency is not possible in MAF, which is like MSF as well. 

The acceleration is not a measurable quantity in most of the electro-mechanical system. 

The acceleration information for the control action in MSF is obtained by differentiating 

machine speed. The introduction of differentiation can result in additional noise 

amplification problems in the control circuit. The MAF method is suitable only for sources 

of vibration which exists for a longer duration such as resonant wind excitations, blade pass 

frequency excitations etc. MAF is not suitable for sudden load disturbances induced 

vibrations which is the major area of research in this thesis.  

4.2.3 Load Acceleration Feedback (LAF) 

The load acceleration feedback damping controller works on the feedback of load 

side acceleration at the resonant frequency. To get the acceleration of the load speed sensed, 

differentiated, and filtered with a band pass filtered tuned to the resonant frequency. The 

filtered output is fed back into the electro-magnetic torque reference through a proportional 

gain. The control block diagram of LAF is illustrated in Fig. 4.8. 

For the control analysis, a new control variable is defined 𝛼𝑙−𝑟𝑒𝑠, which is the filtered 

output of the load acceleration at the resonant frequency. The steady state value of this 

control variable 𝛼𝑙−𝑟𝑒𝑠 is zero, and the reference value 𝛼𝑙−𝑟𝑒𝑠
∗  is also zero.   To analyse LAF, 

the open loop transfer function between the load acceleration and the machine torque is 

taken  

𝐺𝛼𝑙−𝑟𝑒𝑠
(𝑠) =

𝐾𝑝

𝐽𝑚×𝐽𝑙

(𝐵𝑠ℎ𝑠 + 𝐾𝑠ℎ) 

(𝑠2 + 𝐵𝑠ℎ𝑠 (
1
𝐽𝑚

+
1
𝐽𝑙
) + 𝐾𝑠ℎ (

1
𝐽𝑚

+
1
𝐽𝑙
))

 
(4.13) 
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Fig. 4.8  Load Acceleration Feedback control. 

Closing the loop of the load acceleration feedback, the ratio of 𝛼𝑙−𝑟𝑒𝑠 concerning the load 

acceleration reference 𝛼𝑙−𝑟𝑒𝑠
∗  is,  

𝛼𝑙−𝑟𝑒𝑠

𝛼𝑙−𝑟𝑒𝑠
∗ =

𝐺𝛼𝑙−𝑟𝑒𝑠

1 + 𝐺𝛼𝑙−𝑟𝑒𝑠

=

𝐾𝑝

𝐽𝑚×𝐽𝑙
(𝐵𝑠ℎ𝑠 + 𝐾𝑠ℎ) 

(𝑠2 + 𝐵𝑠ℎ𝑠 (
1
𝐽𝑚

+
1
𝐽𝑙

+
𝐾𝑝

𝐽𝑙 × 𝐽𝑚
) + 𝐾𝑠ℎ (

1
𝐽𝑚

+
1
𝐽𝑙

+
𝐾𝑝

𝐽𝑙 × 𝐽𝑚
))

 (4.14) 

From the closed loop transfer function (4.14), the LAF controller results with 

changes in the coefficients of s and the constant term in the denominator. Both natural 

frequency and damping ratio can be varied by using LAF.  To analyse the amount of 

changes, the root locus is taken and is shown in Fig. 4.9. 
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Fig. 4.9  Load Acceleration Feedback root locus diagram. 

From the root locus diagram, the increase in control gain 𝐾𝑝  will result in the 

movement of the poles
1

s+δresωres+jωres√1−δres
2

+
1

s+δresωres−jωres√1−δres
2

 of (4.7) up to zero 
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(𝑠 +
𝐾𝑠ℎ

𝐵𝑠ℎ
) and other zero at infinity ie  𝑠 + ∞ with a breakaway point in real axis. Since the 

poles have break way point in the real axis, it means that the damping ratio can be improved 

up to unity. The movement of the poles is not linear, and it follows a circular path. The 

corresponding dynamic torque reduction using LAF is shown in bode plot in Fig. 4.9. From 

the bode plot, increase in control gain result in a decrease in the torque amplitude. In LAF 

independent control of damping ratio and natural frequency is not possible, which is like 

previously described methods. In addition, the differentiator can introduce noise 

amplification problem. 

All the above control methods are limited in terms of damping improvement, natural 

frequency shift, and dynamic torque reduction capabilities. Moreover, acceleration based 

method require differentiators which can amplify measurement noises. Independent control 

of natural frequency and damping ratio are not possible in all these control methods. With 

all these limitations, two control new control solutions one based on speed difference and 

second based on shaft torque are proposed. 

4.2.4 Speed Difference Feedback (SDF) 

The SDF control works on the feedback of speed difference between the machine 

and the load. The control objective is to reduce the speed difference between machine and 

driveline components. By reducing the dynamic speed difference, the torsional frequency 

effects can be mitigated. The control block diagram for SDF is shown in Fig. 4.10. 

+-
- +

+-+ +-
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Tsh
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1/s
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Bsh
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*
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Filter
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Fig. 4.10  Block diagram for Speed Difference Feedback control. 

Taking the difference between (4.4) and (4.10), the transfer function of speed 

difference to electrical machine torque is described as 
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Δ𝜔

𝑇𝑚
=

1

𝐽𝑚

𝑠

(𝑠2 + 𝐵𝑠ℎ𝑠 (
1
𝐽𝑚

+
1
𝐽𝑙
) + 𝐾𝑠ℎ (

1
𝐽𝑚

+
1
𝐽𝑙
))

 
(4.15) 

where Δω is obtained from the difference between the machine speed and load speed. With 

proportional and integral controller 𝐾𝑝 + 𝐾𝑖/𝑠, the open-loop transfer function is obtained 

as 

𝐺𝛥𝜔(𝑠) =
1

𝐽𝑚

𝐾𝑝𝑠 + 𝐾𝑖

(𝑠2 + 𝐵𝑠ℎ𝑠 (
1
𝐽𝑚

+
1
𝐽𝑙
) + 𝐾𝑠ℎ (

1
𝐽𝑚

+
1
𝐽𝑙
))

 
(4.16) 

A new control variable can be defined; speed difference at the resonant frequency Δ𝜔𝑟𝑒𝑠 

which a filtered output of machine speed to load speed obtained using a bandpass filter.  

Closing the loop of the resonant speed difference feedback, the ratio of Δ𝜔𝑟𝑒𝑠 concerning 

the regulator speed reference Δ𝜔𝑟𝑒𝑠
∗  is  

Δ𝜔𝑟𝑒𝑠

Δ𝜔𝑟𝑒𝑠
∗

=

𝐾𝑝𝑠 + 𝐾𝑖

𝐽𝑚

(𝑠2 + 𝐵𝑠ℎ𝑠 (
1
𝐽𝑚

+
1
𝐽𝑙

+
𝐾𝑝

𝐽𝑚 × 𝐵𝑠ℎ 
) + 𝐾𝑠ℎ (

1
𝐽𝑚

+
1
𝐽𝑙

+
𝐾𝑖

𝐽𝑚 × 𝐾𝑠ℎ
))

 (4.17) 

From the closed loop transfer function (4.17) the proportional controller results with 

changes in the coefficients of s, and the integral controller results with changes in the 

constant term in the denominator. This interprets that the damping and natural frequency 

can be independently controlled using the SDF controller. In the transfer function (4.17) 

keeping the integral gain zero and increasing the proportional gain can make the damping 

ratio up to unity. On the contrary, the increase in integral gain keeping the proportional gain 

zero can cause the natural frequency to increase up to infinity. The closed-loop transfer 

function (4.17) root locus and bode plot is shown in Fig. 4.11.  From the root locus diagram, 

the increase controller gains can result in the movement of poles and this movement follows 

a circular path. The movement is from poles of the denominator to the zeros of the 

numerator. Hence, the   poles in (4.15) 
1

𝑠+𝛿𝑟𝑒𝑠𝜔𝑟𝑒𝑠+𝑗𝜔𝑟𝑒𝑠√1−𝛿𝑟𝑒𝑠
2

+
1

𝑠+𝛿𝑟𝑒𝑠𝜔𝑟𝑒𝑠−𝑗𝜔𝑟𝑒𝑠√1−𝛿𝑟𝑒𝑠
2

  can be 

moved up to zero 𝑠 +
𝐾𝑖

𝐾𝑝
 and the other zero at infinity i.e. 𝑠 + ∞  . The natural frequency can 

be changed from  √𝐾𝑠ℎ(
1

𝐽𝑚
+

1

𝐽𝑙
)  to√𝐾𝑠ℎ(

1

𝐽𝑚
+

1

𝐽𝑙
+

𝐾𝑖

𝐾𝑠ℎ𝐽𝑚
), and the damping ratio can be altered 
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from 
𝐵𝑠ℎ

2
√

(𝐽𝑚+𝐽𝑙)

𝐾𝑠ℎ(𝐽𝑚×𝐽𝑙)
 to 

𝐵𝑠ℎ

2

(
1

𝐽𝑚
+

1

𝐽𝑙
+

𝐾𝑝

𝐵𝑠ℎ𝐽𝑚
)

√𝐾𝑠ℎ(
1

𝐽𝑚
+

1

𝐽𝑙
+

𝐾𝑖
𝐾𝑠ℎ𝐽𝑚

)
. For 𝐾𝑖 = 0, the movement of the poles are from    

1

𝑠+𝛿𝑟𝑒𝑠𝜔𝑟𝑒𝑠+𝑗𝜔𝑟𝑒𝑠√1−𝛿𝑟𝑒𝑠
2

+
1

𝑠+𝛿𝑟𝑒𝑠𝜔𝑟𝑒𝑠−𝑗𝜔𝑟𝑒𝑠√1−𝛿𝑟𝑒𝑠
2

  up to zeros, one at the origin i.e. 𝑠 + 0  

and the other at infinity 𝑠 + ∞  , with a breakaway point at −𝜔𝑟𝑒𝑠 in the real axis. The 

natural frequency stays at 𝜔𝑟𝑒𝑠  and the damping ratio increased from 
𝐵𝑠ℎ

2
√

(𝐽𝑚+𝐽𝑙)

𝐾𝑠ℎ(𝐽𝑚×𝐽𝑙)
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Fig. 4.11  Speed Difference Feedback root locus diagram. 

The dynamic torque reduction by using proposed speed difference feedback can be 

analysed by using the bode plot which is shown in the right side of Fig. 4.11. With the 

increase in integral control gain 𝐾𝑖  as shown with the dotted line, the peak of natural 

frequency moves towards a higher frequency region. This illustrates the increase in the 

closed loop natural frequency, and hence any excitation at the original mechanical natural 

frequency will be having a lesser torque amplitude. The increase of gain in 𝐾𝑝 is resulting 

in the reduction of resonant peak in the downward direction which is shown with solid lines. 

Thus, with the combination of both 𝐾𝑝 and 𝐾𝑖  as shown with the hyphenated line, both 

damping ratio improvement as well as natural frequency shift can be achieved. These 

improvements can mitigate the dynamic effect of torsional vibrations.   
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The integral control gain for changing the natural frequency from 𝜔𝑟𝑒𝑠−𝑜𝑙𝑑   to 

𝜔𝑟𝑒𝑠−𝑛𝑒𝑤 is  

𝐾𝑖 = 𝐽𝑚(𝜔𝑟𝑒𝑠−𝑛𝑒𝑤
2 − 𝜔𝑟𝑒𝑠−𝑜𝑙𝑑

2 ) (4.18) 

The proportional control gain for changing the damping ratio from 𝛿𝑟𝑒𝑠−𝑜𝑙𝑑  to 

𝛿𝑟𝑒𝑠−𝑛𝑒𝑤 is 

𝐾𝑝 = 2𝐽𝑚(𝛿𝑟𝑒𝑠−𝑛𝑒𝑤 × 𝜔𝑟𝑒𝑠−𝑛𝑒𝑤 − 𝛿𝑟𝑒𝑠−𝑜𝑙𝑑 × 𝜔𝑟𝑒𝑠−𝑜𝑙𝑑  ) (4.19) 

 

4.2.5  Shaft Torque Feedback (STF) 

The STF controller works on the feedback of shaft torque at the resonant frequency. 

In STF, shaft torque information is filtered using a band pass filter tuned at the first torsional 

frequency. The filtered output is then fed into the electro-magnetic torque reference through 

a proportional and differential control gains. The block diagram representation of the STF 

method is shown in Fig. 4.12. 
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*
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Tsh-res

Tsh
Filter

αl
αm

 

Fig. 4.12  Block diagram for Shaft Torque Feedback. 

The analysis of STF is done using (4.8) and Fig. 4.12.  For the control analysis, a 

new control variable is defined 𝑇𝑠ℎ−𝑟𝑒𝑠, which is the filtered output of the shaft torque at 

the resonant frequency. The steady state value of this control variable 𝑇𝑠ℎ−𝑟𝑒𝑠 is zero, and 

the reference value 𝑇𝑠ℎ−𝑟𝑒𝑠
∗  is also zero.  With proportional and differential controller 

gains Kp + 𝐾𝑑𝑠, the open-loop transfer function is 
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𝐺𝑇𝑠ℎ−𝑟𝑒𝑠
(𝑠) = (Kp + 𝐾𝑑𝑠)

𝐾𝑠ℎ

𝐽𝑚
 

(𝑠2 + 𝐵𝑠ℎ𝑠 (
1
𝐽𝑚

+
1
𝐽𝑙
) + 𝐾𝑠ℎ (

1
𝐽𝑚

+
1
𝐽𝑙
))

 (4.20) 

Closing the loop of the resonant shaft torque feedback, the ratio of 𝑇𝑠ℎ−𝑟𝑒𝑠 concerning the 

regulator speed reference 𝑇𝑠ℎ−𝑟𝑒𝑠
∗  is  

𝑇𝑠ℎ−𝑟𝑒𝑠

𝑇𝑠ℎ−𝑟𝑒𝑠
∗ =

𝐾𝑠ℎ(Kp + 𝐾𝑑𝑠)
𝐽𝑚

(𝑠2 + 𝐵𝑠ℎ𝑠 (
1
𝐽𝑚

+
1
𝐽𝑙

+
𝐾𝑑 × 𝐾𝑠ℎ

𝐽𝑚 × 𝐵𝑠ℎ 
) + 𝐾𝑠ℎ (

1
𝐽𝑚

+
1
𝐽𝑙

+
𝐾𝑝

𝐽𝑚
))

 (4.21) 

From the closed loop transfer function (4.21), the differential controller results with 

changes in the coefficients of s and the results from the proportional controller changes the 

constant term in the denominator. These modifications can independently vary natural 

frequency and damping ratio. The variation of differential gain keeping the proportional 

gain zero can make the damping ratio increase up to unity. On the other hand, the variation 

of proportional gain keeping the differential gain zero can cause the natural frequency to 

increase up to infinity. The closed-loop transfer function (4.21) root locus and bode plot is 

illustrated in Fig. 4.13.  From the root locus diagram, the increase controller gains can result 

in the movement of poles, and the movement follows a circular path. The   poles in (4.8) 

 
1

𝑠+𝛿𝑟𝑒𝑠𝜔𝑟𝑒𝑠+𝑗𝜔𝑟𝑒𝑠√1−𝛿𝑟𝑒𝑠
2

+
1

𝑠+𝛿𝑟𝑒𝑠𝜔𝑟𝑒𝑠−𝑗𝜔𝑟𝑒𝑠√1−𝛿𝑟𝑒𝑠
2
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𝐾𝑑
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at infinity i.e. 𝑠 + ∞   . The natural frequency can be varied from  √𝐾𝑠ℎ(
1

𝐽𝑚
+

1

𝐽𝑙
)  

to √𝐾𝑠ℎ(
1

𝐽𝑚
+

1

𝐽𝑙
+

𝐾𝑝

𝐽𝑚
) , and the damping ratio can be modified from 

𝐵𝑠ℎ

2
√

(𝐽𝑚+𝐽𝑙)

𝐾𝑠ℎ(𝐽𝑚×𝐽𝑙)
 

to 
𝐵𝑠ℎ

2

(
1

𝐽𝑚
+

1

𝐽𝑙
+

𝐾𝑝

𝐵𝑠ℎ𝐽𝑚
)

√𝐾𝑠ℎ(
1

𝐽𝑚
+

1

𝐽𝑙
+

𝐾𝑖
𝐾𝑠ℎ𝐽𝑚

)
. For 𝐾𝑝 = 0, the natural frequency does not change, and the damping 

ratio can be increased from 
𝐵𝑠ℎ

2
√

(𝐽𝑚+𝐽𝑙)

𝐾𝑠ℎ(𝐽𝑚×𝐽𝑙)
   to 1. 
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Fig. 4.13  Root locus diagram for Shaft Torque Feedback. 

The proportional control gain for changing the natural frequency from 𝜔𝑟𝑒𝑠−𝑜𝑙𝑑  to 

𝜔𝑟𝑒𝑠−𝑛𝑒𝑤 is  

𝐾𝑝 =
𝐽𝑚
𝐾𝑠ℎ

(𝜔𝑟𝑒𝑠−𝑛𝑒𝑤
2 − 𝜔𝑟𝑒𝑠−𝑜𝑙𝑑

2 ) (4.22) 

The differential control gain for changing the damping ratio from 𝛿𝑟𝑒𝑠−𝑜𝑙𝑑  to 

𝛿𝑟𝑒𝑠−𝑛𝑒𝑤 is  

𝐾𝑑 =
2𝐽𝑚
𝐾𝑠ℎ

(𝛿𝑟𝑒𝑠−𝑛𝑒𝑤 × 𝜔𝑟𝑒𝑠−𝑛𝑒𝑤 − 𝛿𝑟𝑒𝑠−𝑜𝑙𝑑 × 𝜔𝑟𝑒𝑠−𝑜𝑙𝑑  ) (4.23) 

4.3 Comparison study of different torsional vibration damping 

schemes 

The MAF and LAF methods have similarities in their operating principles. These 

methods work based on the feedback of acceleration, the parameter which depends on the 

inertia of the system and can effectively alter inertia. The proposed SDF and STF method 

uses torsion (speed difference) as the feedback variable. Hence, the stiffness and material 

damping parameters can be controlled efficiently. MSF method is a limited combination of 

SDF and MAF, where the machine speed information is used. All these control methods 
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are tuned to the first natural frequency using a bandpass filter, and therefore the control 

action is limited to the first natural frequency only.  Their operating principles and effective 

improvement can be analysed using the expression of natural frequency and damping ratio 

given in (4.24) and (4.25).  

𝜔𝑟𝑒𝑠 = √
𝐾𝑠ℎ_𝑒𝑞

𝐽𝑒𝑞
 (4.24) 

𝛿𝑟𝑒𝑠 =
𝐵𝑠ℎ−𝑒𝑞

2
 √

1

𝐾𝑠ℎ_𝑒𝑞 × 𝐽𝑒𝑞
 (4.25) 

In (4.24) and (4.25), 𝐽𝑒𝑞, 𝐾𝑠ℎ−𝑒𝑞, and  𝐵𝑠ℎ−𝑒𝑞 are the equivalent inertia, stiffness, and 

material damping respectively. In a two-inertia system the equivalent inertia is found by   

1

𝐽𝑒𝑞
=

1

𝐽𝑚
+

1

𝐽𝑙
 (4.26) 

In MAF, the equivalent inertia 𝐽𝑒𝑞 is increased from the original value. Since both 

natural frequency and damping ratio has an inverse square relationship with equivalent 

inertia, their value decrease. In the LAF method, 𝐽𝑒𝑞 is reduced, which increases the natural 

frequency and damping ratio. But the variation in damping and natural frequency in both  

these control methods depend on a single control gain, and hence independent control is 

not possible.  

 The proposed SDF and STF methods have two controller gains and the effects can 

be analysed independently. The proportional controller in SDF and differential controller 

in STF has the same functionality. Both increases equivalent material damping 𝐵𝑠ℎ−𝑒𝑞. 

Since, the natural frequency is independent of 𝐵𝑠ℎ−𝑒𝑞 visible from the expression in (14), 

there will not be any changes in natural frequency with these control gains. The material 

damping has a linear relationship with the damping ratio. As a result, an increase in 

proportional control gain in SDF and differential control gain in STF results in a direct rise 

in damping ratio. On the other hand, the integral controller in SDF and proportional 

controller in STF results in an increase in the equivalent stiffness 𝐾𝑠ℎ−𝑒𝑞 which increases 

the natural frequency and reduces damping ratio. To compensate for the reduction in  
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Table 4.1 Comparison torsional vibration damping schemes in electro-mechanical 

systems 

 
Operating 

principle 
Differentiator 
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Change of 
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and damping 

ratio 

MAF 
Acceleration 

feedback 
Required.  

Increases 

equivalent 

inertia 

Limited 

frequency 

change from 

√𝐾𝑠ℎ(
1

𝐽𝑚
+

1

𝐽𝑙
)  

to √
𝐾𝑠ℎ

𝐽𝑙
 

Low. 

From to  

Bsh

2
√

(Jm+Jl)

Ksh(Jm×Jl)
   

to 
Bsh

2
√

1

KshJl
 

 

No extra 

sensor 

Not possible. 

Coupled 

LAF 
Acceleration 

feedback 
Required 

Reduces 

equivalent 

inertia 

Large 

frequency 

change 

possible from 

√𝐾𝑠ℎ(
1

𝐽𝑚
+

1

𝐽𝑙
)  

to ∞ 

High. 

Up to 

damping ratio 

of 1 

Extra 

speed 

sensor 

required 

to 

measure 

load side 

speed 

which is  

difficult 

to obtain 

Not possible. 

Coupled 

MSF 
Speed 

feedback 
Not required 

Increases 

equivalent 

inertia and 

slightly 

increases 

equivalent 

material 

damping 

Limited 

frequency 

change from 

√𝐾𝑠ℎ(
1

𝐽𝑚
+

1

𝐽𝑙
)  

to √
𝐾𝑠ℎ

𝐽𝑙
 

Low.  

Damping 

factor 

increase is 

parabolic with 

a minimum 

value of   

Bsh

2
√

1

KshJl
 

No extra 

sensor 

Not possible. 

Coupled 

SDF 
Torsion 

feedback 
Not required 

Increases 

equivalent 

shaft 

stiffness 

and 

equivalent 

material 

damping. 

Large 

frequency 

change 

possible from 

√𝐾𝑠ℎ(
1

𝐽𝑚
+

1

𝐽𝑙
)  

to ∞ 

High  

Up to 

damping ratio 

of 1 

Extra 

speed 

sensor 

required. 

Encoders 

can be 

installed 

in the 

driveline. 

Damping and 

natural 

frequency can 

be 

independently 

controlled. 

Decoupled 

STF 
Torsion 

feedback 

 

Required 

Increases 

equivalent 

shaft 

stiffness 

and 
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damping ratio, the integral controller in SDF needs to be used along with proportional gain 

always. Similarly, in STF, proportional controller needs to be used along with a differential 

controller gain. 

In MSF method, both  𝐽𝑒𝑞  and 𝐵𝑠ℎ−𝑒𝑞  is increased. But the increase in 𝐵𝑠ℎ−𝑒𝑞  is 

always less than 𝐽𝑒𝑞. Hence, the natural frequency is reduced, and damping factor varies 

with a parabolic shape with a maxima and minima. The natural frequency shift and damping 

ratio cannot be independently controlled in MSF which is similar to MAF and LAF. In SDF 

and STF, damping and natural frequency shift is decoupled where as in all the other control 

methods they are coupled.   The comparison results of the proposed SDF and STF controls 

with MSF, MAF, and LAF is given in Table 4.1. 

4.4 Conclusion 

Theoretical analysis of various torsional vibrational damping schemes is done using 

two-inertia system models and transfer functions. The effectiveness in modifying natural 

frequency, damping ratio, and dynamic torque amplitudes are analysed by using root locus 

and bode plot.  

Machine Speed Feedback (MSF) is characterised with natural frequency reduction 

and damping ratio variation with a parabolic shape. The parabolic shape has a maxima and 

minima. MSF control is limited by its inefficiency in independent control of natural 

frequency and damping ratio. Additionally, parameter variation and parameter uncertainties 

can result in a slip away from maximum damping ratio operating point. 

 Machine Acceleration Feedback (MAF) increases the equivalent inertia of the 

driveline and reduces the natural frequency and damping ratio. The reduction in natural 

frequency resulted in dynamic torque amplitude reduction for the case of fatigue loads, 

which are vibrations existing for a longer duration. This vibration reduction method is not 

suitable for vibrations induced by sudden load disturbances. 

Load Acceleration Feedback reduces the equivalent inertia of the driveline. The 

reduced inertia increases the natural frequency and damping ratio. The increase in damping 

ratio and natural frequency results in the dynamic torque amplitude reduction. Similar to 

MSF, LAF method is also limited by its inability to independently control natural frequency 

and damping ratio. Moreover, the differentiator used to get load acceleration from load 

speed can create noise related problems. 
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With the limitations of the MSF, MAF, and LAF techniques, two new control 

solutions have been proposed to reduce torsional vibration in the electro-mechanical 

systems. These solutions proposed are based on Speed Difference Feedback (SDF) and 

Shaft Torque Feedback (STF).  Both the control solution use torsion as the feedback 

variable and varies the equivalent material damping and equivalent shaft stiffness in the 

driveline. Hence, the damping ratio and natural frequency can be independently controlled 

by changing the controller gains. From the theoretical analysis, the proposed SDF and STF 

method almost have the similar performance in terms of damping improvement and natural 

frequency shift. But STF method requires a differentiator for proper operation. The 

differentiator can amplify measurement noises and can introduce noise related problems. 

The proposed SDF method does not require any differentiator and this gives an additional 

advantage of SDF over STF. Hence, in terms of performance it is possible to deduce that 

SDF is the best method followed by STF, LAF, MSF, and MAF.  

The next chapter discusses the suitability and application of speed difference 

feedback and shaft torque feedback solutions for torsional vibration reduction in diesel 

generator, and azimuth thruster systems. The upstream flow of torsional energy is also 

investigated in the next chapter. 
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Chapter 5  Application of Speed Difference Feedback 

and Shaft Torque Feedback Solutions in 

Marine Systems 

5.1 Introduction 

The simulations of extreme disturbances in propulsion systems have shown that 

resonant frequency oscillations that cause fatigue torque overloads and torsional stresses 

are induced between the driveline components.  To reduce the effect of torsional stresses 

and over-torque, a torsional vibration reduction scheme is needed to be integrated with the 

system level controls. From the analysis of various torsional mitigation techniques, Speed 

Difference Feedback (SDF) and Shaft Torque Feedback (STF) are superior in damping 

performance improvement and natural frequency shift compared with the conventional 

techniques. Their applicability need to be analysed in marine environment using the 

detailed system level models.  

In the first part of the chapter, the Speed Difference Feedback (SDF) is applied to 

the 2 MW marine diesel generator model for reducing the extreme disturbance effects.   The 

SDF solution can be easily applied and integrated with the diesel generator controls. The 

generator speed for the SDF control is obtained from the generator flux observer by 

differentiating position information. The fly wheel speed is obtained from an already 

installed speed sensor which is used for the electronic control and monitoring. The controls 

gains are designed based on the two-inertia model developed based on the Eigen analysis 

of the multi-inertia model. Simulation under electrical and mechanical disturbance with 

SDF control are analysed for torsional vibration mitigation. 

In the second part of the chapter, the active protection of azimuth thruster using 

Speed Difference Feedback (SDF) and Shaft Torque Feedback (STF) are explored. The 

control gains for the proposed SDF and STF controls are designed based two-inertia 

simplified models. The placement of extra speed and torque sensors are determined based 

on root locus method applied to the multi-inertia drivetrain model. The installation of extra 

speed and torque sensors within the driveline can result in product changes and extra cost 

to system manufacturers. To prevent product changes and extra cost, an observer is 

synthesised and its performance for state estimation and torsional vibration reduction are 

studied.  The proposed solutions target torsional frequency vibrations which are developed 

due to extreme sea conditions and are not suitable for long duration ventilations effects.  
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During long duration ventilation, thrust losses occur and the speed of the drivetrain 

components increases. At the instant of re-entry to water, the increased speed results in an 

increased drivetrain torque which can result in over torque failures.  An acceleration 

prevention control based on virtual inertia concept is proposed to limit the driveline speed 

and the driveline over torque. The application of Speed Difference Feedback (SDF) 

solution for torsional vibration reduction in azimuth thruster has been published as a journal 

in IEEE Transaction on Industrial Electronics [A2]. 

The torsional energy resulted because of the SDF and STF controls affects the DC 

link voltage. The imparted energy then travels upstream to the diesel generator as electro-

magnetic torque changes and induce first natural frequency oscillations in the diesel 

generator mechanical driveline. A torsional energy absorption scheme is very much 

required to remove the detrimental effects. A transient energy absorption scheme based on 

supercapacitor and bidirectional buck-boost converter is investigated in the final part of the 

chapter. 

5.2 Application of the proposed controls to diesel generator 

model 

Diesel generator driveline suffers extreme torsional deflections during mechanical 

and electrical disturbance situations. These extreme torsional deflections create elevated 

load level and can result in failures. To counteract the extreme disturbance effects, the 

proposed Speed Difference Feedback (SDF) control or Shaft Torque Feedback (STF) 

control can be implemented.  

For the implementation of STF control, an extra shaft torque sensor is required to be 

installed in the diesel generator driveline. The shaft torque sensor is relatively expensive 

and have to be installed between the diesel engine flywheel and the flexible coupling. These 

installation and product changes contribute to additional cost burden to diesel generator 

manufacturers and users. Moreover, the differentiator used in STF control can amplify the 

engine harmonics. This results in the reflection of engine harmonics in the electrical system.  

Because of all these factors, the application of STF control is not promising for torsional 

vibration reduction in diesel generator systems. 

 The SDF method is promising for its application diesel generator system because it 

does not create any need for extra sensors as well as product changes. The diesel generator 
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driveline already has a speed sensor installed in the fly wheel end which is used for 

monitoring and electronic control purposes. The generator speed information can be 

obtained from the stator flux observer described in Fig. 3. 14.  The difference of both this 

information is used to improve the reliability under extreme disturbance. Hence, such 

implementation of SDF control will not result in any cost burden to the system 

manufacturers.  

The SDF control loop is added parallel to the DC voltage regulator loop. The 

modified control diagram is depicted in Fig. 5.1. The part in the red box indicates the SDF 

control circuit. From this control diagram, the electrical system is linked to mechanical 

system through 𝜔𝑟  as well as through 𝑇𝑐𝑜𝑚. The influence of 𝑇𝑐𝑜𝑚  depends on the controller 

gains 𝐾𝑃 and 𝐾𝑖. With the introduction of the new control, the torsional energy that tends 

to damage the coupling and shaft are now transferring to DC link. Hence, significant 

changes in DC link voltage are expected. 
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Fig. 5.1 Modified closed-loop control diagram of the DC voltage regulator with the 

proposed SDF control. 

5.2.1 Control gain design for SDF control 

The proportional and integral control gains for the SDF are designed based on (4.18) 

and (4.19). The parameters required are obtained from Tables 3.3 and 3.4.  

𝛿𝑟𝑒𝑠_𝑜𝑙𝑑 = 0.08 

𝛿𝑟𝑒𝑠_𝑛𝑒𝑤 = 0.707 
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𝜔𝑟𝑒𝑠_𝑛𝑒𝑤 = 2 × 𝜋 × 8.5 rad/s 

𝜔𝑟𝑒𝑠_𝑜𝑙𝑑 = 2 × 𝜋 × 8.3 rad/s 

𝐽𝑚 = 150 kgm2 

The proportional control gain is, 

𝐾𝑝 = 10070 

The integral control gain is, 

𝐾𝑖 = 19877 

5.2.2 Simulation results 

The simulation configuration explained in Fig. 3.19 is used. The speed difference 

controller (SDF) is integrated with the simulation configuration. The modified system is 

tested under engine ignition delay, and electrical short circuit for torsional vibration 

mitigation and elevated load level reduction.  

Test case 1: Engine ignition delay 

The same test case as described section 3.3.6 is used in this study. One of the engine 

cylinders suffers a delay in firing resulting in peak pressure of 48 MPa to be contributed by 

that cylinder. The cylinder torques are depicted in Fig. 5.2. The delay in engine firing 

happens at 𝑡 = 7 𝑠 and at 𝑡 =  15 𝑠. The pressure change will result in torque change and 

the resulting torque change will result torsional oscillations in the driveline. To limit the 

torsional vibration and elevated load levels, the SDF control is switched in at 𝑡 = 15 𝑠.   
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Fig. 5.2 Shaft-6 torque with and without SDF control. 

Test results 

The coupling shaft torque is illustrated in Fig. 5.3. During fuel injection delay, the 

torque overload in Shaft-6 is reaching 40 kNm, which is two times the rated torque of the 

connecting shafts and the oscillation exists for 3 s duration. Such torque overload and long 

duration of vibration can cause failures in sensitive components. With the SDF control, the 

torque overload is reduced to 28 kNm, and the oscillation is damped within 0.03 s. The 

proposed algorithm reduces the effect of torque overload on mechanical shafts. 

 

Fig. 5.3 Shaft-6 torque with and without SDF control. 
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Fig. 5.4 Inertia speed with and without SDF control (a) at 𝑡 = 7 𝑠  (b) at = 15 𝑠 . 

Figures 5. 4 (a) and (b) display the speeds at various points in the driveline 

represented by the inertias 𝐽1 to  𝐽7 in Fig. 3. 9. The overshoot in speed amplitude for the 

inertias  𝐽1 to 𝐽5  during the initial 0.02 s is due to the excitation of second and third natural 

frequencies  and is same in both Figs. 5.4 (a) and (b). The proposed SDF control is not 

efficient in removing the effects of second and third natural frequencies in the diesel engine 

driveline. While for the first torsional mode without the SDF control, inertia-7 

(generator, 𝐽7 ) is moving in opposite direction to inertia-6 (𝐽6). Fig. 5.4 (b) shows that with 

SDF control, the oscillatory motion and phase difference between inertia-7 ( 𝐽7) and inertia-

(a) 

(b) 
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6 (𝐽6) is diminished with 0.03 s. The “twist” in the coupling shaft of the drive train is small, 

and this correlates with the low coupling shaft torque illustrated in Fig. 5.3.  

FFT analysis was carried out on speed differences between the generator and fly 

wheel at t = 7 s and is illustrated in Fig. 5.5. The speed difference between generator and 

fly wheel shows a peak amplitude at first natural frequency. Fig. 5.6 shows the FFT result 

with SDF control enabled, and it shows that with the SDF control switched in at t = 15 s, 

the first natural frequency peak shown in Fig. 5.5 is reduced to a small value.  

   

Fig. 5.5 FFT analysis of speed difference at t = 7 s. 

      

Fig. 5.6 Speed difference FFT analysis at t = 15 s. 
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Figure 5.7 shows the electro-magnetic torque of the generator. During mechanical 

disturbance without SDF control at 𝑡 = 7 𝑠, the electro-magnetic torque tends to remain at 

the rated value. The analysis can be performed using Fig. 5.1.  From the Fig. 5.1, the 

mechanical system is linked to the electrical system through 𝜔𝑟  only and there is no 

sufficient change in the  steady state value of 𝜔𝑟 . Hence minimal changes in electro-

magnetic torque are reflected at 𝑡 = 7 𝑠.  At 𝑡 = 15  𝑠, the addition of the control output of 

the active protection control 𝑇𝑐𝑜𝑚 results in an increase electro-magnetic torque. The peak 

value is reaching 36 kNm which is 1.8 times the rated value.   The extent of changes in 

electromagnetic torque depends upon the SDF control gains 𝐾𝑝 and 𝐾𝑖 and also the amount 

of speed difference between the driveline components i.e. Δ𝜔. The ways to reduce the 

amount of electromagnetic torque depending on the instantaneous overcurrent rating of the 

power electronic devices is to reduce the control gains and also to use limiters. Both these 

methods will deteriorate the SDF control performance. 

     

 

Fig. 5.7 Generator electro-magnetic torque during mechanical disturbance with and 

without SDF control applied. 

The DC link voltage during a mechanical disturbance is shown in Fig. 5.8. Without 

SDF control at 𝑡 = 7 𝑠, the effect of the disturbance on the DC link voltage was minimum  

as the mechanical system disturbance is linked to DC link voltage through 𝜔𝑟  only as 

shown in Fig. 5.1.   When the control logic is switched in at 𝑡 = 15 𝑠, the transfer of 

torsional energy results in substantial changes in DC link with voltages varying in the range 
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1060 V to 1340 V. This reasons for this voltage can be analysed using Fig. 5.1. Fig. 5.1 

shows that the SDF control loop and DC power regulation loop are operating in parallel 

with SDF control trying to reduce mechanical vibrations and DC power regulation loop  

trying to minimise DC link voltage variation.  Both these control loops are contradicting in 

functions. The potential instability problem due to control actions are minimised by making 

SDF control with higher bandwidth which is equal to the new modified resonant frequency 

and the power regulation loop with lower bandwidth which is generally less than 1/10th of 

the resonant frequency.   The resulting amount of DC link voltage change depends upon 

𝑇𝑐𝑜𝑚 which in turn depends on SDF controller gains and the amount of speed difference, 

the capacitance value 𝐶 , and the DC power regulation controller gains. The effect of the 

𝑇𝑐𝑜𝑚on the DC link voltage can be limited by reducing the SDF controller gains and by 

using a limiter functions which in turn reduces the SDF control performance. Second 

method to reduce the DC link voltage change is by increasing the capacitance value which 

in turn makes the DC voltage regulation loop very slow and increases the time of recovery.  

The third method is to reduce the DC link voltage change is to increase the DC voltage 

regulation loop control gains and control bandwidth, but that can create additional control 

and stability problems due to the interaction between proposed SDF and DC voltage 

regulation loop. On-board DC system in ships can be equipped with power buffers based 

on super capacitors and energy storage devices which can be used to reduce the large DC 

link voltage changes [11,16].   

     

Fig. 5.8 DC link voltage during mechanical disturbance with and without SDF.  
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Under mechanical disturbances, torque overloads are created in diesel engine 

generator driveline. These torque overloads are torsional and exists for a very long duration. 

Such torque overloads with high peak amplitudes can cause detrimental effects to the 

coupling in the engine generator. The proposed SDF controller identifies the amount of 

torsion between flywheel and generator and produces a counter torque to reduce the torsion. 

As the torsion between engine and generator diminishes, the stress and over-torque in the 

coupling will also be decreased. The energy which was previously dissipating as heat in the 

coupling, will be now transferred to the DC bus of the electrical system. Therefore, the peak 

value for the DC link voltage is increased considerably as shown in Fig. 5.8. Thus, the 

torsional energy transfer created overvoltage spikes in the DC link. The proposed control 

algorithm is energy efficient and can protect the driveline without additional sensors or 

hardware changes. 

Test case 2: Electrical disturbance 

 

Fig. 5.9 Load current during electrical short circuit. 

The electrical disturbance test condition is same as that of the test condition described in 

section 3.3.7. The load current during the electrical fault is shown in Fig. 5.9. The diesel 

generator system was supplying a constant load current of 1667.3 A. At 𝑡 = 5  s and 𝑡 =

10 𝑠, electrical short circuit occurs and the peak instantaneous current reaches 5 times the 

rated current (8336 A). The fault exists for a 600 μs duration (2 times the switching period 

of the output inverter). After this duration, the load current supplied will be zero, as the 

inverter prevents the over current by stopping the PWM pulses. 100 ms after the fault, the 
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inverter is soft started and reaches the full current value in 900 ms (6s).  The SDF for the 

limiting the torsional loads is switched in at 𝑡 = 10 𝑠. 

Test results 

The Shaft-6 torque is shown in Fig. 5.10. As seen in the figure, during an electrical 

short circuit, the torque in Shaft-6 is oscillatory and the oscillation exists for 3 s. With the 

SDF control, the oscillation is damped within 0.05 s. Thus, the effect of electrical short 

circuits on the mechanical driveline can be effectively reduced. 

 

Fig. 5.10 Shaft-6 torque during electrical disturbance with and without SDF control. 

Figures 5.11 (a) to (b) display the speeds at various points in the driveline during 

electrical disturbance. Fig. 5.11 (a) shows that, during an electrical short circuit, inertia-7 

(generator, 𝐽7) is moving in opposite direction to inertia-6 ( 𝐽6). Fig. 5.11 (b) shows that, 

with the SDF controller, the phase difference and oscillatory motion are reduced within 

0.05 s. The SDF controller succeeded in reducing the torsional effects of electrical short 

circuits on the mechanical driveline.  
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Fig. 5.11 Inertia speed during electrical disturbance with and without SDF control (a) at 

𝑡 = 5 𝑠  (b) at 𝑡 = 10 𝑠. 

Figure 5.12 shows the electro-magnetic torque of the generator. As 𝑃𝐿𝑜𝑎𝑑  is directly 

coupled to DC bus voltage as illustrated in Fig. 3.12, the change in 𝑃𝐿𝑜𝑎𝑑  tends to make 

substantial changes in   𝑉𝑑𝑐  . To prevent this, the electro-magnetic torque of the generator 

is varied (variation depends on current controller bandwidth). The change of torque can be 

seen at 𝑡 = 5 𝑠. The peak of the electro-magnetic torque is reaching three times the rated 

torque which is 60 kNm. When the SDF control loop is switched in at   𝑡 = 10 𝑠 , the 

addition of the active protection controller output to the electro-magnetic torque did not 

result in substantial changes in electro-magnetic torque peak amplitude. This shows that it 

(a) 

(b) 
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is possible to achieve mechanical system protection without creating large electro-magnetic 

torque burden. 

 

Fig. 5.12 Generator electro-magnetic torque during electrical disturbance with and 

without SDF control applied. 

The effect of load short circuit on the DC link voltage with and without SDF control 

is shown in Fig. 5.13. Without SDF control (at 𝑡 = 5 𝑠), the electrical disturbance is linked 

to the DC link voltage through 𝑃𝐿𝑜𝑎𝑑  and variation in 𝑃𝐿𝑜𝑎𝑑  causes small changes in 𝑉𝑑𝑐. 

When the control logic is switched on at 𝑡 = 10 𝑠, the transfer of torsional energy as well 

as the electrical disturbance result in substantial changes in DC link voltage. The change of 

DC link voltage depends on the protection controller gains and the amount of speed 

difference between diesel generator and flywheel. The change in DC link voltage is 

between 980 V to 1560 V. This oscillatory DC link voltage is due to sudden transfer of 

torsional energy. 
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Fig. 5.13 DC link voltage during electrical disturbance with and without SDF control 

applied. 

Table 5.1 Effectiveness of the SDF control 

 Coupling shaft Without SDF control 

action 

With the SDF 

Control applied 

Mechanical 

disturbance 

Peak torque amplitude 40 kNm 28 kNm 

Torsional twisting 

duration 

3 s 0.03 s 

Effect on DC link Negligible 1060-1340 V 

Electrical 

disturbance 

Peak torque amplitude 30 kNm 21 kNm 

Torsional twisting 

duration 

3 s 0.05 s 

Effect on DC link 1040-1220 V 980-1560 V 

To summarize, the electrical disturbances in the diesel generator create disturbances 

in the DC link voltage. These disturbances travel upstream to the diesel generator as electro-

magnetic torque changes which induce first natural frequency oscillations in the mechanical 

driveline. The first natural frequency when produced, creates torsional stresses in the 

connecting shaft (coupling) between engine and generator, and exists for a very long 

duration. This creates excessive loads in the driveline. The proposed SDF control produces 

a counter torque to reduce the torsional twist between engine and generator within short 

span. Thus, the electrical disturbance effect and elevated load levels on the mechanical 

system will be minimum. The analysis of the two simulated cases are summarised in Table 

5.1. 
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5.2.3 Parameter uncertainty in diesel generator 

 The controller gains in (4.18) and (4.19) require the parameters of the diesel 

generator system that may vary during operation. The inertia of both the diesel engine and 

generator are constants that almost never change, and the data obtained from the nameplates 

of the respective machines are usually accurate. Conversely, the coupling stiffness 

coefficient may vary over time due to mechanical fatigue and stress. Therefore, it is 

essential that the proposed controller is robust to any variation in coupling stiffness. The 

robustness of the proposed strategy is tested in simulation. Fig. 5.14 illustrates the shaft-6 

torque transient response as the coupling stiffness coefficient is deviated by ±25 %.  From 

the figure, it can be inferred that the controller is robust to variations in coupling stiffness 

because the shaft dynamics are almost identical despite the deliberate changes. 

 

Fig. 5.14 Simulation results of the shaft torque dynamic response under mechanical 

disturbance with change in coupling shaft stiffness. 

The reasons for the failures in the coupling between engine and generator are 

instantaneous torque overload resulting in the development of cracks in the system and 

torsional twisting effect existing for a prolonged duration which results in the growth of the 

crack [26]. Thus, to protect the driveline, both these factors should be reduced under 

disturbances. The proposed SDF method reduces the peak torque amplitude as well as the 

duration of torsional vibration and found to be robust to parameter variation. 
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5.3 Application of SDF and STF control in azimuth thruster 

model 

Extreme sea conditions such as rapid ventilation and foreign body impact once 

invoked, the propeller speed may differ from that of the motor substantially. Consequently, 

the driveline components experience a massive torsion torque; stressing and eventually 

leading it to mechanical failure of bevel gears, couplings, and bearings [26, 27]. Therefore, 

the need for compensating method that can reduce the torsional vibration has been arisen 

for more reliable marine propulsion system. The proposed SDF and STF can be used to 

suppress the torsion vibrations and can improve the reliability. For the SDF control, the 

motor speed is sensed by the existing speed sensor while the intermediate driveline speed 

can be either measured or observed. Similarly, the shaft torque information for the STF 

control can be directly measured using a shaft torque sensor or can be estimated using a 

state observer. Ample simulation results are included to prove the integrity of the proposed 

SDF and STF control in azimuth propulsion system. 

5.3.1 Control gain design for SDF& STF control 

From the Eigen analysis of the azimuth thruster model, at the first torsional frequency, 

the driveline can be simplified to a two-inertia model. The parameters of the two-inertia 

model is given in Table 5.2. The controller gains for SDF and STF are designed based on 

parameters Table 5.2 and (4.18), (4.19), (4.22), and (4.23). 

Table 5.2 Parameters for two-inertia representation of azimuth thruster. 

Index i Ji, kgm2 Ki, N.m/rad 

1 153.16 (𝐽𝑚) 158929 (Ks) 

2 49.63 (𝐽𝑙) —– 

The design parameters are, 

𝛿𝑟𝑒𝑠_𝑜𝑙𝑑 = 0.05 

𝛿𝑟𝑒𝑠_𝑛𝑒𝑤 = 0.707 

𝜔𝑟𝑒𝑠_𝑛𝑒𝑤 = 2 × 𝜋 × 9.74  rad/s 

𝜔𝑟𝑒𝑠_𝑜𝑙𝑑 = 2 × 𝜋 × 9.9  rad/s 

𝐽𝑚 = 153.16 kgm2 
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𝐾𝑠 = 158929  Nm/rad 

The proportional and integral control gains for SDF control are, 

𝐾𝑝 = 12527 

𝐾𝑖 = 18981 

The proportional and differential control gains for STF control are, 

𝐾𝑝 = 0.12 

𝐾𝑑 = 0.07 

STF controller requires a differentiator for its proper operation. But the problem to 

differentiation is linear gain at high frequencies, which effectively amplifies measurement 

noise and disturbances. So, the differentiation can be effectively converted to an amplitude 

gain and 90 degrees phase gain at the mechanical system natural frequency. The 90 degrees 

phase gain is not practically achievable (possible only through a differentiator). Hence 

angles nearer to 90 degrees can give damping and the performance will increase as the 

phase gain moves near to 90 degrees. The phase gain near to 90 degrees and amplitude 

gains are achievable using partial differentiator (High pass filter) of the form 
𝐾𝑐

𝑠+𝜔𝑛𝑓
  by 

effectively tuning the gain 𝐾𝑐   and frequency 𝜔𝑛𝑓 . Fig. 5.15 shows characteristics of a 

partial differentiator. The controller frequency is 200 Hz. From the bode diagram, at the 

mechanical natural frequency 9.74Hz the phase gain is 84 degrees. 
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Fig. 5.15 Bode plot of partial differentiator (a) Magnitude (b) Phase.  

But the problem to such a partial differentiator is its high pass filter characteristic. 

The high pass filter characteristic effectively passes measurement noises and disturbances. 

Better performance can be achieved using a resonant controller of the form 
𝐾𝑐𝑠

𝑆2+2𝛿𝜔𝑛𝑓𝑠+𝜔𝑛𝑓
2  . 

In this controller 3 degrees of freedom are available. The amplitude gain can be achieved 

by tuning gain 𝐾𝑐  and phase gain very near to 90 degrees can be achieved using damping 

ratio 𝛿  and natural frequency 𝜔𝑛𝑓  . Fig. 5.16 illustrates the bode plot of a resonant 

controller. The controller frequency is 23Hz and mechanical system natural frequency is 

(b) 

(a) 
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9.74 Hz. From Fig. 5.16, it is seen that the resonant controller has got very small high-

frequency gain. At the system natural frequency, the phase gain is 84.3 degrees.  

 

  

Fig. 5.16 Resonant controller bode plot (a) Magnitude (b) Phase. 

The STF controller differential gain is modified to include the amplitude reduction 

in the resonant controller. The new differential gain is, 

𝐾𝑑 =
0.07

0.0034
= 20.14 

The proportional control gain in STF is maintained to be same as the designed value.  

 

(a) 

(b) 
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5.3.2 Placement of sensors 

The control gain for the proposed SDF and STF method can be designed based on 

the two-inertia approach applied to the complete model. But the placement of sensors needs 

to be developed by considering the detailed model using the root locus method.  

From the two-inertia model, the extra speed sensor in SDF can be placed at any of 

the inertias 𝐽3, 𝐽4, 𝐽5 or 𝐽6. Similarly, in STF method the shaft torque sensor can be placed 

at any of the shaft such as 𝑇𝑠ℎ2, 𝑇𝑠ℎ3, 𝑇𝑠ℎ4, 𝑇𝑠ℎ5 or 𝑇𝑠ℎ6.  

 But in the detailed model, the placement of sensors is decided by the second natural 

frequency 𝜔𝑟𝑒𝑠2, third natural frequency 𝜔𝑟𝑒𝑠3, and their behaviour. The wrong selection 

of placement of sensor can result in second and third natural frequencies to be getting lightly 

damped and can ultimately become unstable.   

With the proposed SDF control and sensor placed at 𝐽3 or 𝐽4, the second natural 

frequency 𝜔𝑟𝑒𝑠2 moves to the left-hand region. This is illustrated in Fig. 5.17.  As the 

second natural frequency 𝜔𝑟𝑒𝑠2 moves to the left-hand region, it is possible to improve the 

damping for the second natural frequency. The improved damping can reduce the shaft 

torque amplitude at the second natural frequency. When the additional sensor is placed at 

𝐽5 or  𝐽6, the second natural frequency 𝜔𝑟𝑒𝑠2 moves to the right-hand region which is shown 

in Fig. 5.18. As the second natural frequency 𝜔𝑟𝑒𝑠2 moves to the right-hand region, the 

damping at the second natural frequency is reduced. The reduced damping can result shaft 

torque amplification. Thus, in the detailed model, the placement of sensors is critical. In 

general, the extra speed sensor should be placed just after the weakest link in the driveline 

which is a flexible coupling in this application. Shaft ends are available in the upper bevel 

gear. Hence speed sensor can be installed at this point. 
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Fig. 5.17 Root locus for SDF control by using Inertia-3 speed information. 

 

Fig. 5.18 Inertia-6 speed information for SDF control. 
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With the proposed STF control and the torque sensor placed at 𝑇𝑠ℎ2 or 𝑇𝑠ℎ3, the 

𝜔𝑟𝑒𝑠2 and 𝜔𝑟𝑒𝑠3 moves to the left hand region. This is illustrated in the root locus diagram 

in Fig 5.19. The movement towards left hand region indicates damping improvement. The 

newly introduced resonant controller filter poles are getting lightly damped and ultimately 

become unstable as the control gain is increased. The damping ratio needs to be limited to 

achieve a stable closed loop system. The improved damping can reduce the shaft torque 

amplitude at the second natural frequency and third natural frequency. When the torque 

sensor is placed 𝑇𝑠ℎ4 or  𝑇𝑠ℎ5, the second natural frequency moves to the left hand region, 

while the third natural frequency and resonant controller filter poles move towards the right 

hand region which is shown in Fig. 5.20. As the third natural frequency 𝜔𝑟𝑒𝑠3 moves to the 

right-hand region, the damping at 𝜔𝑟𝑒𝑠3is reduced. The reduced damping can result shaft 

torque amplification. The damping ratio needs to be limited to achieve a stable closed loop 

system. The torque sensor for the STF control should be placed after the flexible coupling 

in azimuth thruster. 

 

Fig. 5.19 Root locus for STF control by using Shaft-3 torque information. 
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Fig. 5.20 Shaft-5 torque information for STF control. 

5.3.3 Observer design 

For the proposed SDF control to work efficiently either 𝐽3 or  𝐽4 speeds need to be 

measured. Similarly, for the STF control to work efficiently 𝑇𝑠ℎ3 needs to be measured. 

The installation of sensors within the driveline can result in product changes and additional 

cost to the system manufacturers. An observer is designed to observe 𝐽3  speed and 𝑇𝑠ℎ3  

shaft torque ( 𝐽4  is not considered since to find 𝐽4, anyway 𝐽3 speed need to be observed).  

A full order observer is designed to estimate the intermediate speed 𝜔3 within the 

driveline. 𝑇𝑠ℎ3 is assumed as a disturbance torque, and the full order observer is   
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𝐺1 to 𝐺6 are the observer gains to efficiently estimate the individual states. 

The observed 𝑇𝑠ℎ3  and 𝜔3   values are then applied to the STF and SDF controls for 

torsional vibration reduction. 

5.3.4 Acceleration prevention during long duration ventilation 

During long duration ventilation in torque control mode,  𝑇𝑝𝑟 = 0 and 𝑇𝑒𝑚 stays at 

the commanded value. This results in an acceleration for the propeller driveline as 

according to (5.2) and speed increases. Since, the propeller torque is proportional to square 

of the speed, at the instant of re-entry to water, the driveline line has to transfer a torque 

which is higher than the rated torque of the driveline. So, proper acceleration prevention 

logic has to be decided to prevent the long duration ventilation effects.  

  
𝐽𝑡𝑜𝑡𝑎𝑙

𝑑𝜔

𝑑𝑡
= 𝑇𝑒𝑚 − 𝑇𝑝𝑟 − 𝐵𝜔 (5.2) 

where  𝐽𝑡𝑜𝑡𝑎𝑙 = 𝐽𝑚 + 𝐽𝑝𝑟 
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 Fig. 5.21 Acceleration prevention control block diagram. 

To prevent acceleration, a new negative feedback term is added to the electro-

magnetic torque reference.  The new term is the multiple of acceleration of the driveline. It 

is introduced only when long duration ventilation happens. The control block diagram for 

acceleration prevention is illustrated in Fig. 5.21. A limiter is introduced to limit the torque 

to positive values only. 

 
𝐽𝑡𝑜𝑡𝑎𝑙

𝑑𝜔

𝑑𝑡
= 𝑇𝑒𝑚 − 𝐾

𝑑𝜔

𝑑𝑡
− 𝑇𝑝𝑟 − 𝐵𝜔 (5.3) 
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Taking the negative acceleration terms to the left hand side, 

 
(𝐽𝑡𝑜𝑡𝑎𝑙 + 𝐾)

𝑑𝜔

𝑑𝑡
= 𝑇𝑒𝑚 − 𝑇𝑝𝑟 − 𝐵𝜔 (5.4) 

The proposed control has added a virtual inertia in the driveline. The acceleration of the 

driveline is prevented during long duration ventilation. This results in the reduction of over 

torque during propeller re-entry to water.  

5.3.5 Simulation results 

The proposed lumped parameter model of the propeller drivetrain system integrated 

with the electrical system is tested under the extreme rapid ventilation condition. Extreme 

ventilation acts as an impulse input to the propeller driveline. For the modelling the extreme 

ventilation a time varying function is multiplied with the propeller characteristic in (3.60). 

The time varying function is illustrated in Fig. 5.22. At instants, 10 s, 15 s, and 20 s rapid 

ventilation of duration 0.06 s is applied by reducing the propeller torque to zero.  The period 

of the ventilation event is equally divided between fall time, steady time (valley), and rise 

time. The simulation study comprises of four test cases. In the first case, the proposed SDF 

and STF methods are compared based on their ability to mitigate the resonance vibration 

effects. In the second case study, the performance of SDF and STF controller with observer 

and sensors are compared.  In the third test case, the performance with sensors placed at a 

different location are analysed. In the fourth test case, long duration ventilation is analysed. 

The performance of acceleration control algorithm is tested. In all the test cases the 

induction machine is controlled in the torque control mode without the outer speed loop.  
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Fig. 5.22 Time varying function to represent raid ventilation. 

Case Study: Application of both STF and SDF 

Figure 5.23 shows the shaft torque in the driveline. At the instants of rapid ventilation 

without any torsional mitigation control at t=10 s, both shafts over torque and torque 

reversal occur in the driveline. The over torque is reaching two times the rated torque, and 

the oscillation exists for 1.5 s. Such torque reversal and over torque are the leading 

damaging factors for the propeller driveline. With the proposed SDF control applied at 𝑡 =

15 𝑠 and STF control applied at 𝑡 = 20 𝑠, the torque reversal is wholly removed, and the 

over torque is limited to 1.1 times the rated torque, and the oscillation is damped within 0.2 

s. Thus, proposed SDF and STF methods can reduce shaft over torque, torque reversal, and 

vibration duration. 

 

Fig. 5.23 Shaft torque in the driveline with SDF and STF control. 

Figures 5.24 (a) to (c) show the speed in the driveline and their zoomed in view at 

instants of rapid ventilation. Without any resonance vibration control 𝑡 = 10 𝑠, there are 

two groups of inertias which are torsionally twisting each other (180 degrees phase 

difference between each group) for a duration of 1.5 s. The first group is inertia-1 and 

inertia-2 with lesser speed amplitude while inertia-3 to inertia-6 have higher oscillation 

amplitude. From Fig. 5.24 (a), the inertias  𝐽3 to 𝐽6 (propeller) swing to together, while 𝐽1 

(rotor) and 𝐽2 swing in the opposite direction. With the proposed SDF and STF controls 

illustrated in Fig. 5.24 (b) and (c), the phase difference between the two groups of inertias 
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reduced to nearly 90 degrees and magnitude of both group of inertias is almost same. Hence 

the torsional twisting of the driveline is limited. 

 

 

 

Fig. 5.24 Inertia speed in the driveline with SDF and STF control (a) driveline 

speeds at 𝑡 = 10 𝑠 (b) at 𝑡 = 15 𝑠  (c) at 𝑡 = 20 𝑠. 

(b) 

(c) 

(a) 
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Figure 5.25 displays the electro-magnetic torque produced by the electrical machine. 

Since in the torque mode the external disturbance or rapid ventilation will not create any 

changes in the torque reference illustrated at 𝑡 =  10 𝑠. With the SDF and STF controls at 

𝑡 = 15 𝑠 and 𝑡 =  20 𝑠, since the torsional energy is suddenly absorbed by the electrical 

system, and hence the large change in electro-magnetic torque is required. At 𝑡 =  15 𝑠, the 

electro-magnetic torque is reaching to 2.3 times the rated torque in the positive direction, 

and -0.6 times the rated torque in the downward direction. With the STF control at 𝑡 =

20 𝑠, the electro-magnetic torque is reaching to 2.8 times the rated torque in the positive 

direction and negative one times the rated torque in the downward direction. The electrical 

machine needs to produce the over torque for a short duration both in positive and negative  

the direction which results in the overrating of power electronic converter. The highest 

change of electro-magnetic torque is shown by STF control as compared to SDF.  Such 

rapid torque changes in drive system are not only likely to impact the design of the 

converter but may also impact the design of the machine (especially large-scale machines) 

where magnetic saturation and machine inductance may limit how high a peak torque can 

be realized and how rapidly any changes in torque can be delivered by the electrical 

machine. 

 

Fig. 5.25 Electro-magnetic torque with SDF and STF control. 
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Case Study: Placement of sensors 

Figure 5.26 shows the shaft torque waveform with SDF control and the speed 

encoder positioned at the different location in the driveline. The ventilation amplitude and 

duration are same as the previous case studies. With the speed sensor at 𝐽3 or  𝐽4  at 𝑡 =

 15 𝑠, the first natural frequency, as well as the second natural frequency torque amplitude, 

got reduced. When the speed sensor placed at 𝐽5  or 𝐽6  𝑎𝑡 𝑡 = 20 𝑠 , the first natural 

frequency torque amplitude is diminished but the second natural frequency torque 

amplitude got increased which is visible from the additional oscillation coming. Hence with 

the speed sensor placed at 𝐽5 or 𝐽6  and if the control gain further increased the second 

natural frequency amplitude can further increase. These observations match with the 

findings in Section 5.3.2. The extra speed sensor needs to be placed just after the element 

with the lowest stiffness in the driveline.  

 

Fig. 5.26 Shaft torque in the driveline with SDF- Placement of sensors at different 

location. 

Figure 5.27 shows the shaft torque waveform with STF control and the shaft torque 

sensor placed at different location in the driveline. When the torque sensor is at 𝑇𝑠ℎ4  

or 𝑇𝑠ℎ5 𝑎𝑡 𝑡 = 20 𝑠, the first natural frequency torque amplitude is slightly increased as 

compared to the result at 𝑡 = 15 𝑠 . When the torque sensor placed at 𝑇𝑠ℎ4  or  𝑇𝑠ℎ5 , in 



 Application of Speed Difference Feedback and Shaft Torque Feedback Solutions in Marine Systems 
[4]  

128 

theory the third natural frequency 𝜔𝑟𝑒𝑠3 can become lightly damped. These effect is not 

visible in the simulation results. Based on the available simulation results, the torque sensor 

in STF method can be placed at 𝑇𝑠ℎ2  or 𝑇𝑠ℎ3   which are just after weakest link in the 

driveline.  

 

 

Fig. 5.27 Placement of sensors at different location with STF control. 

Case Study: Observer and sensor comparison 

An observer is designed to observe 𝜔3 and 𝑇𝑠ℎ3 based on section 5.3.3. The observer 

poles are placed at the location -590, -690, -790, -890, -990, -1090, -1090 using MATLAB 

place command [132, 133]. The observer poles are designed to be 10 times faster than the 

first torsional frequency. Table 5.3 gives the observer gains.  

The shaft torque in the driveline with the SDF and STF control applied is shown in 

Figs. 5.28 and 5.29. The performance of proposed controls with the observer at t=20 s is 

almost same as with the sensor at t= 15 s. Hence if the parameters of the model are known, 

then the observer can be used to identify the intermediate speed and torque within the 

driveline. 
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Table 5.3 Observer gains 

Observer gain Values 

G1 4935.2 

G2 -121.75 

G3 11958 

G4 -5599.3 

G5 2031200 

G6 -1.6133×1010 

 

Fig. 5.28 Shaft torque in the driveline with SDF- sensor and observer comparison. 
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Fig. 5.29 Sensor and observer comparison- STF control. 

Case Study: Long duration ventilation 

The shaft torques in the propeller during long duration ventilation are illustrated in 

Fig. 5.30. Without the acceleration prevention control at 𝑡 = 10 𝑠, the shaft torques have 

reached 1.5 times rated torque. These over torque conditions exist for 3 s duration and can 

affect the reliability of the driveline. When the acceleration control is switched in at 𝑡 =

15 𝑠, the peak shaft torque is limited to 1.1 times the rated torque. Thus, the proposed 

acceleration control can limit the peak torques during the re-entry of propeller to water. 

 

Fig. 5.30 Shaft torque in the driveline with acceleration prevention. 
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The increased propeller driveline speed resulted due to long duration ventilation is 

illustrated in Fig. 5.31.  The driveline was reaching to 1.24 times the rated speed at 𝑡 =

10 𝑠.  With the proposed acceleration prevention control at 𝑡 = 15 𝑠,  the driveline speed 

is limited to 1.04 times rated speed only.  

 

Fig. 5.31 Inertia speeds in the driveline with acceleration prevention. 

       

Fig. 5.32 Electro-magnetic torque with acceleration prevention. 

Figure 5.32 illustrates the electro-magnetic torque produced by the motor. Since the 

electrical machine is operating in the torque control mode, the external rapid ventilation 

has not created any change in the electro-magnetic torque amplitude at 𝑡 = 10 𝑠. With the 
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proposed acceleration prevention control 𝑡 = 15 𝑠, the electro-magnetic torque is reduced 

to prevent the rapid acceleration of the system. 

 

Fig. 5.33 Propeller torque with acceleration prevention. 

The propeller torque input during long duration ventilation is illustrated in Fig. 5.33. 

Since the acceleration is prevented at 𝑡 = 15 𝑠, large torque amplitude when the propeller 

re-enters to water is effectively removed. 

5.3.6 Parameter uncertainty in azimuth thruster 

The SDF and STF controller gains in (4.18), (4.19), (4.22), and (4.23) require the inertia 

of the motor, inertia of the propeller, stiffness, and material damping of coupling. The 

material damping of the coupling is very difficult to determine and generally the material 

damping is assumed to be negligible. The inertia parameters of both the propeller and motor 

will never change, but the stiffness of the coupling can vary over time due to fatigue and 

stress. Hence, the proposed control should be robust to coupling stiffness variation. The 

robustness of the SDF and STF controllers are tested in simulation. Figs. 5.34 and 5.35 

illustrate the shaft torque transient response as the coupling stiffness coefficient is deviated 

by ±30%. From Figs. 5.34 and 5.35, it can be inferred that the controller performance 

becomes better as the coupling stiffness is reduced.  
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Fig. 5.34 Shaft torque reduction with variation in coupling stiffness and SDF 

control. 

   

Fig. 5.35 Coupling shaft torque with STF and variation in coupling stiffness. 

5.4 Transient torsional energy absorption scheme 

Extreme hydrodynamic forces create torsional interaction effects in the marine 

thruster driveline. The torsional interaction effects can be limited by using the proposed 

Speed Difference Feedback (SDF) and Shaft Torque Feedback (STF) solutions. These 

solutions overload the electrical machine and transfers the torsional energy from the 

mechanical system to the electrical DC link voltage. DC voltage experiences some 
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fluctuations at transients. These fluctuations get amplified with the proposed controls due 

to the transmission of torsional energy into the DC-side. The variations of the DC voltage 

must meet the IEEE standards IEEE 1709-2010 is a standard for 1 kV to 35 kV Medium-

Voltage DC Power Systems on Ships [134].  According to the requirements, the change in 

DC voltage allowed during transients is ±10%. Since the DC link voltage for our system is 

1200 V, the fluctuation should be kept in the range 1080-1320 V. To achieve standards, the 

voltage controller can be designed to have higher bandwidth. This higher bandwidth 

voltage controller will react quickly and any disturbance in the DC link voltage will be 

taken over by the generator. Then, the torsional energy and the disturbances created can 

travel upstream to the power bus inducing mechanical oscillations in the diesel generator 

system [135]. Simulation by coupling the diesel generator model and the azimuth thruster 

model can be used to identify the torsional energy transfer and its associated phenomenon. 

The configuration for analysing the torsional energy transfer is illustrated in Fig. 5.36. 
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Fig. 5.36 Propulsion system model for analysing the torsional energy transfer. 

The azimuth thruster is operating in the torque control mode which was transferring 

a full load torque in the driveline. Rapid ventilation happens at 𝑡 = 10 𝑠 and 𝑡 = 20  𝑠 . 

The SDF control is switched in at 𝑡 = 20 𝑠. The large over torque and torsional oscillation 

that are occurring in the thruster driveline are damped which is illustrated in Fig. 5.37. The 

electro-magnetic torque is shown in Fig. 5.38. 𝑇𝑒𝑚  is going to 2.4 times rated in positive 

direction and negative 0.4 times rated torque in the downward direction at 𝑡 = 20 𝑠. This 

overloads the electrical machine and the torsional energy gets transferred to the DC link 

voltage. Because of the torsional energy transfer, the DC link voltage varies in the range 

1210 and 1144 V which is shown in Fig. 5.39. To prevent further change in the DC link 

voltage, the generator reacts, and the electro-magnetic torque is suddenly varied which is 

illustrated in Fig. 5.40. The sudden variation of the generator torque acts as an impulse 

input to the diesel generator driveline. Because of the impulse input, first natural frequency 

vibrations are induced in engine generator driveline. This is shown in Fig. 5.41.  The peak 

coupling shaft is reaching to 48000 Nm which is near 2.4 times the rated value. Furthermore, 
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there are existence of torque reversal in the driveline. This condition is quite harmful to 

coupling shaft and the bearing. The SDF and STF control methods were able to limit 

torsional stresses in azimuth thruster driveline but have created a sudden torsional energy 

flow in the DC link. This torsional energy flow has created torsional stress issues with 

diesel generator driveline. The torsional energy transfer path is illustrated in the block 

diagram, Fig. 5.42.    

 

Fig. 5.37 Shaft torque in the thruster driveline. 

 

Fig. 5.38 Electro-magnetic torque of the electrical machine. 
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Fig. 5.39 DC link voltage. 

 

Fig. 5.40 Generator electro-magnetic torque. 
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Fig. 5.41 Coupling shaft torque in the diesel generator. 
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Fig. 5.42 Block diagram of propulsion system with torsional energy transfer. 

The proposed SDF and STF control methods effectively converted mechanical 

torsional stress issue in the azimuth thruster driveline to a torsional energy transfer problem 

in the DC link system. These torsional energies if not contained can travel upstream to the 

diesel generator and can induce first natural frequency vibration in the diesel generator 

driveline. As on-board DC system in ships can be equipped with power buffers based on 

supercapacitors and energy storage devices, this torsional energy transfer problem can be 

solved [136, 137]. To reduce the effects of system load fluctuations, a power buffer 

(supercapacitor and a hybrid converter combination) is used as fast acting energy storage 

in marine vessels [11, 16]. The same configuration adopted in the DC link can effectively 
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make the torsional energy compensated. Large PI gains can be chosen to get the shaft 

vibration compensated, and the excess power at load shedding and demand power at load 

gain can be neutralised by a power buffer, to make sure that the DC link voltage meet the 

standard. The configuration of supercapacitor included marine propulsion system is 

illustrated in Fig. 5.43. The simulation is carried out understand the effectiveness of the 

transient energy absorption scheme. The parameters for modelling the supercapacitor 

system are given in Table 5.4. 

Table 5.4 Supercapacitor system parameters. 

Parameters Values 

Capacitance (F) 5 

Inductance (mH) 0.1 

Switching frequency (kHz) 10 

Voltage (V) 600 
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Fig. 5.43 Propulsion system model integrating supercapacitor for torsional energy 

absorption. 

Figures 5.44 to 5.50 are the results obtained with the coupled simulation of marine 

propulsion system integrating supercapacitor and DC-DC converter. Figs. 5.44 and 5.45 is 

same as Figs. 5.37 and 5.38. The SDF control is switched in at 𝑡 = 20 𝑠. The large over 

torque and torsional oscillation that are occurring in the thruster driveline are damped. 𝑇𝑒𝑚  

is going to 2.4 times rated torque in positive direction and negative 0.4 times rated torque 

in the downward direction at 𝑡 = 20 𝑠 and transfers the torsional energy to the DC link. 
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Fig. 5.44 Shaft torque in the thruster driveline with supercapacitor. 

 

Fig. 5.45 Electro-magnetic torque of the induction machine with supercapacitor. 

The DC link voltage with the supercapacitor system is illustrated in Fig. 5.46. 

Comparing with Fig. 5. 39 at 𝑡 = 20 𝑠 and with supercapacitor, there is no considerable 

change in the DC link voltage. The DC link voltage is changing in the range 1204 and 1180 

V only. The effect of sudden transfer torsional energy on the DC link voltage is suitably 

limited by the supercapacitor.  
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Fig. 5.46 DC link voltage with supercapacitor integrated. 

The generator electro-magnetic torque is shown in Fig. 5.47. With the supercapacitor, 

there is no sudden reduction in the generator torque as compared to the condition in Fig. 

5.40. Meaning the torsional energy is effectively taken by the supercapacitor and the burden 

on the generator is removed. Hence, the diesel generator driveline will not be getting 

excited and there will not be any torsional vibrations induced. This is illustrated in the Fig. 

5.48, where the coupling shaft torque in the diesel generator driveline is shown. Thus, the 

supercapacitor effectively solves the upstream flow of torsional energy.  

 

Fig. 5.47 Generator electro-magnetic torque with supercapacitor. 
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Fig. 5.48 Coupling shaft torque in the diesel generator with supercapacitor. 

The effect of the torsional energy on the supercapacitor system is shown in Figs. 5.49 

and 5.50. The supercapacitor must supply a large current to take over the transient torsional 

energy which is shown in Fig. 5.49 at 𝑡 = 20 𝑠. The amplitude of the current is going to 

6000 A in the positive cycle and -4000 A in the negative cycle. The power electronic device 

and the inductor must be designed for such sudden over currents in real-time systems. The 

change in the supercapacitor voltage is illustrated in Fig. 5.50. The block diagram of marine 

propulsion system with supercapacitor and transient torsional energy absorption is 

illustrated in Fig. 5.51. 

 

Fig. 5.49 Supercapacitor current. 
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Fig. 5.50 Voltage of supercapacitor. 
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Fig. 5.51 Block diagram of propulsion system integrating supercapacitor. 

5.5 Conclusion 

The disturbances in diesel generator and azimuth thruster excite resonant frequency 

oscillations that induce fatigue torque overloads and torsional stresses between the driveline 

elements.  To reduce the effect of torsional stresses and overtorque, the speed difference 

feedback and the shaft torque feedback method can be used. The shaft torque and 

component speed show significant improvements in terms of initial peak over-torque and 

vibration duration. The stiffness parameter variation effects are studied, and the proposed 

controllers are robust to any variation in coupling stiffness. The speed difference feedback 
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and shaft torque feedback solutions protect the mechanical driveline components by 

transferring the torsional energy to the electrical DC bus. The amount of energy transfer 

depends on the controller gains and the speed difference between electrical machine and 

the driveline.  The controller gain can be optimally designed depending on the 

instantaneous peak overcurrent rating of the power electronic components. The active 

protection scheme helps in optimal designing of the flexible coupling by controlling the 

amount of damping, resulting in cost benefits during design.   The disturbance effect of the 

proposed SDF and STF on the DC link side can be reduced by effectively deploying a 

supercapacitor based power buffer. In the next chapter, the design of multi inertia test rig 

used for validation of the proposed algorithms is described. After the initial design and 

verification in simulation, the multi-inertia test-rig is setup and control algorithm 

verifications are performed.  
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Chapter 6 Experimental Validation of Speed 

Difference Feedback and Shaft Torque 

Feedback Solutions  

6.1 Introduction 

From the application of the proposed control algorithms in diesel generator and 

azimuth thruster, the torsional stress and dynamic mismatch in the driveline can be reduced. 

To experimentally validate the control approaches, a test rig needs to be designed.  The 

design of a test setup to emulate both the applications will be very difficult in terms of 

manufacturing and control complexity. This is since inertia ratios and the input torque 

characteristics in diesel generator and azimuth thruster vary in entirely different range. As 

a result, there is a need to select one of the application, in order to design a test setup 

analogue to the selected application and prove the control algorithm in that test setup. Since 

motor side referred inertia configuration in azimuth thruster is less complex and there is 

availability of industrial inverters for control, the test setup is designed to emulate the 

driveline of an azimuth thruster.  

6.2 Design of the multi-inertia test setup in MATLAB 

This section discusses a methodology for the design of the experimental test setup. 

The design of the experimental test setup is illustrated in Fig. 6.1 The test setup includes 4 

major inertias. The highest is the induction machine inertia with a value of 0.033 gm2, like 

induction machine inertia in the thruster. The second highest inertia is for the DC machine 

with an inertia value of 0.012 kgm2, like the propeller inertia.  Two intermediate cylinder 

inertias with values 0.003 kgm2 are included which resemble intermediate driveline inertias 

in the thruster. These cylinders are represented as CYL-A and CYL-B in Fig. 6.1.  The test 

setup includes 3 shafts- two identical shafts, each of length 0.3 m and diameter 0.04 m 

represented as Shaft- A, Shaft-B, and another shaft designated as Shaft-C. The shaft-C with 

length 0.2 m and diameter 0.01 m represents lowest stiffness element in the driveline which 

resembles with the flexible coupling in the azimuth thruster driveline. Couplers are 

included in the driveline which are rigid and are made from solid steel. The stiffness of the 

solid steel couplings is quite high and hence not considered in the design. Material for the 

shafts is carbon steel throughout. For design, all shafts are assumed to be stiffness element 

without any inertia.  
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Fig. 6.1 Design diagram for the multi-inertia test setup. 

The parameters used for the calculation is given in Table 6.1.  

The inertia of the cylinders A and B are calculated as,  

Inertia of cylinder A, 𝐽𝐶𝑌𝐴 = 
1

2
× Mass of cylinder A (( 

Diameter of cylinder A

2
)
2

+

( 
Diameter of Shaft A

2
)
2

) =3.0125×10-3 kgm2 

Inertia of cylinder B, 𝐽𝐶𝑌𝐵 = 
1

2
× Mass of cylinder B (( 

Diameter of cylinder  B

2
)
2

+

( 
Diameter of Shaft B

2
)
2

)=3.0125×10-3 kgm2 

 

Table 6.1 Design parameters for test set-up 

Parameters Values 

Length of Shaft A (m) 0.3 

Length of Shaft B (m) 0.3 

Length of shaft C (m) 0.2 

Diameter of shaft A (m) 0.04  

Diameter of shaft B (m) 0.04  

Diameter of shaft C (m) 0.01 

Diameter of Cylinder A (m) 0.15 

Diameter of Cylinder B (m) 0.15 

Mass of cylinder A (kg) 1 

Mass of cylinder B (kg) 1 

Shear modulus of shaft (Pascal) 77×109 
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Corresponding inertia matrix of the driveline is, 

𝐽 =  

0 0 0

0 0 0

0 0 0

0 0 0

IM

CYA

CYB

DC

J

J

J

J

 
 
 
 
 
 

=

0 0 0

0 0.0031 0 0

0 0 0.0031 0

0 0 0 0.012

0.033 
 
 
 
 
 

 

Polar moment of inertia of various shafts are  

Polar moment of inertia of Shaft A= 𝜋 ×
(Diameter of Shaft A)4

32
 = 2.51× 10-7 m4 

Polar moment of inertia of Shaft B= 𝜋 ×
(Diameter of Shaft B)4

32
=2.51× 10-7 m4 

Polar moment of inertia of Shaft C= 𝜋 ×
(Diameter of Shaft C)4

32
= 9.82 × 10-10 m4 

The stiffness of the various shafts in the driveline are 

Stiffness of Shaft A,  𝐾𝐴 =  
Shear modulus of shaft× Polar moment of inertia of Shaft A

Length of shaft A
 = 48317.5 

N.m.s /rad 

Stiffness of Shaft B, 𝐾𝐵 = 
Shear modulus of shaft× Polar moment of inertia of Shaft B

Length of shaft B
 = 48317.5 

N.m.s /rad 

Stiffness of Shaft C, 𝐾𝐶 = 
Shear modulus of shaft× Polar moment of inertia of Shaft C

Length of shaft C
 =378.07 

N.m.s /rad 

The stiffness matrix of the proposed test rig is, 

  𝐾 =

0 0

0

0

0 0

A A

A A C C

C B C B

B B

K K

K K K K

K K K K

K K

 
 
  
 
   
 

 

=

0 0

48695.5 378 0

0 378 48

48317.5 48317.5

48317.5

48317.5

48317.5 48317.5

695.5

0 0

 
 
 
 
  
 

 

   

The Eigen values are calculated from the inertia and stiffness matrix in MATLAB as, 

[𝑉, 𝐷] = 𝑒𝑖𝑔 (𝐾, 𝐽) 

𝐺 = 𝑎𝑏𝑠 (𝐷) 

𝐹 =
𝑠𝑞𝑟𝑡(𝐺)

2𝜋
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The Eigen values of the system are, 

𝐹 =  

0 0 0 0

0 29.89 0 0

0 0 668.39 0

0 0 0 715.25

 
 
 
 
 
 

  

From the design of the proposed test setup, it is seen that there are four poles in the 

system. The first pole has value of 0 Hz. This corresponds to the dominant pole of the 

driveline. The second pole is the first natural frequency of the driveline and has a value of 

29.89 Hz. The second and third natural frequencies are 668.39 Hz and 715.25 Hz 

respectively.  

Eigen analysis results from design 

The Eigenanalysis of the experimental test setup is shown in Fig. 6.2. At the first 

fundamental pole which is represented with 0 Hz, all the inertias have same Eigen value 

amplitude and have phase of 0 degrees. Thus, single joined inertia can represent the system 

behaviour at this pole. At the second pole which is represented with 29.89 Hz, the induction 

machine and cylinder-A have a normalised amplitude of 0.45 p u, the DC machine and 

cylinder B have a normalised amplitude of 1 p u. From the Eigenvalue phase analysis at 

29.89 Hz, a phase difference of 180 degrees exists between Cylinder B and Cylinder A, 

which causes a twist in the Shaft C. Like azimuth thruster, the experimental test setup can 

be simplified into a two-inertia system. The proposed torsional vibration control solutions 

can be designed and applied further. In such two-inertia representation, the first inertia is 

the added sum of induction machine inertia and cylinder A inertia. The second inertia is the 

added sum of DC machine inertia and cylinder B inertia. The connecting element is the 

shaft C stiffness. The parameters of the two-inertia representation of the test setup is given 

in Table 6.2.  

For 668.39 Hz, the cylinder A has the highest amplitude of 1 pu while all the 

remaining elements have amplitudes near to 0 pu. The phase difference of 180 degree exists 

between induction machine and cylinder A and between Cylinder B and DC machine. 

Hence, there are two torsional twisting points which correspond to Shaft A and Shaft B. 

The behaviour at this frequency can be simplified to 3 inertia system.  For 715.25 Hz, 
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Cylinder B has1 pu amplitude and DC machine has 0.2 pu amplitude while induction 

machine and cylinder A amplitudes are near to 0 pu. The phase difference of 180 degrees 

exists between induction machine and cylinder A, between Cylinder A and Cylinder B, and 

between Cylinder B and DC machine. Thus, there are 3 torsional twisting points at 715.25 

Hz which corresponds to Shaft A, Shaft B and Shaft C.   

 

 

Fig. 6.2 Eigenanalysis of the multi-inertia test setup. 

 

 

 

(a) 

(b) 
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Table 6.2 Two-inertia parameters 

Index, i Inertia, 𝑱𝒊  (kg.m2 ) Stiffness coefficient, 𝑲𝒊  (N.m/rad) 

1 0.036 (𝐽𝑚) 378.07  (𝐾𝑠ℎ) 

2 0.015 (𝐽𝑙) ------- 

The power rating of the induction machine is 2.2 kW and the DC machine is 1.2 kW. 

The electrical machine parameters of the induction machine and DC machine are given in 

Tables 6.3 and 6.4. 

Table 6.3 Induction machine parameters 

Parameters Values 

No of pole pairs 2 

Stator resistance (Ω) 3.26 

Stator leakage 

inductance (H) 
0.016 

Magnetizing 

inductance (H) 
0.24 

Rotor resistance (Ω) 3.45 

Rotor leakage 

inductance (H) 
0.0099 

 

Table 6.4 DC machine parameters 

Parameters Values 

Armature resistance (Ω) 0.6 

Armature inductance (H) 0.07 

Field inductance (H) 150 

Field resistance (Ω) 240 

Field armature mutual  

inductance (H) 
1.8 
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6.3 Modelling and simulation of multi-inertia test set-up 

6.3.1 Modelling 

The initial verification of the control algorithm is done using simulation. MATLAB 

Simulink and SIMPACK software are used for the simulation study. A nonlinear model of 

the proposed test rig is made using SIMPACK Simbeam and the model is illustrated in Fig. 

6.3. A torque sensor is included in the driveline to measure the shaft torque transferring 

through the driveline. The six arrows in the model represent bearings.  The Eigen values of 

the nonlinear model is illustrated in Table 6.5. There is a total of 112 poles in the system 

and only 14 poles are included for display. The model couple dynamics in different 

transitional and rotational planes while in the design stage only rotational direction is 

considered. Hence, the simulation study can nearly simulate the real hardware system. The 

poles shown inside the red boxes represent the poles in the torsional direction. The first 

natural frequency of the nonlinear model is 31.2 Hz while the design model has the first 

natural frequency at 29.89 Hz. The deviations in the first natural frequency is almost 

negligible. The second and third natural frequencies are 249.85, and 405.46 Hz respectively. 

These values have deviation from the designed values which are 668.39 Hz, and 715.25 Hz. 

The reasons for the deviations is due to the presence of coupling stiffness, bearing elements 

which have not been considered in the design phase. Eigenanalysis of the nonlinear model 

is almost same as that of the 1-dimensional design model, hence they are not shown.  

IM 

DC 

Cyl-A

Cyl-B 
Torque sensor 

Shaft-C 

Shaft-A 

Shaft-B 

Cou-1

Cou-2
Cou-3

Cou-4

Cou-5

 

Fig. 6.3 Nonlinear mechanical model of the test setup in SIMPACK. 
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Table 6.5 Eigen values of the multi-inertia model in SIMPACK 

Mode Frequency Net damping 
Undamped 

frequency 
Real part Imaginary part 

1 0 0 0 0 0 

2 0.00014 0 0.00014 -0.00014 0 

3/4 31.19 0.015 31.2 -2.84 196.02 

5/6 249.83 0.014 249.85 -21.43 1,569.74 

7/8 405.46 0.014 405.49 -35.09 2,547.56 

9/10 748.42 0.012 748.48 -57.23 4,702.46 

17/18 1,617.33 0.015 1,617.50 -147.05 10,162.01 

21/22 2,291.49 0.02 2,291.95 -288.01 14,397.87 

25/26 2,437.15 0.017 2,437.49 -255.25 15,313.06 

29/30 2,480.29 0.017 2,480.61 -251.03 15,584.11 

33/34 4,462.28 0.017 4,462.90 -468.14 28,037.31 

35/36 4,520.75 0.016 4,521.35 -463.20 28,404.72 

41/42 4,982.57 0.018 4,983.38 -564.09 31,306.44 

111/112 65,777.26 0.019 65,788.97 -7796.95 413,290.72 
      

 

6.3.2 Simulation of the multi inertia test set-up 

The simulation configuration is shown in Fig. 6.4. The induction machine is a vector 

controlled using inner current loop and outer speed loop. The load disturbance is introduced 

in the driveline using power electronic breaker, in which a power switch is connected in 

series with the load resistance. An extreme disturbed condition like rapid ventilation is 

simulated in the test setup.  
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 Fig. 6.4 Simulation configuration of the test setup. 
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1. Controller design: 

a) Inner current loop design 

The machine torque and flux are controlled by the inner current control loops. The 

pole-zero cancelation method based on the system bandwidth described in Section 3.4.2 is 

adopted to design the PI controllers for the inner current loops [118, 121, 138].  The 

expression for the integral and proportional controller values are  𝐾𝑖 = 𝑅𝑠𝜔𝑏𝑤 and 𝐾𝑝 =

𝜎𝐿𝑠𝜔𝑏𝑤 [124]. The current controller bandwidth 𝜔𝑏𝑤 should be fast enough to handle the 

resonance of the system, and it is desirable to be faster than 10 times of the resonant 

frequency. In this study, the controller bandwidth is designed to be  𝜔𝑏𝑤 = 2𝜋 ×500 Hz.  

The resistance and leakage inductance of the stator is 𝑅𝑠 =  3.26 Ω and  𝐿𝑠 = 0.016 H. 

Proportional and integral controller values are,  

𝐾𝑝 = 52.65, 𝐾𝑖 = 10242 

b) Outer speed loop design 

In the speed control mode, an additional control loop is provided for the speed 

reference. The reference torque is obtained from the speed error using a PI controller. The 

design of the outer speed loop is done by using the integral of time multiplied by the 

absolute of the error (ITAE) performance index described in Section 3.3.4. The expression 

for controller gains using ITAE criterion are 𝐾𝑝 = 1.505𝜔𝑐𝑛𝐽𝑡𝑜𝑡𝑎𝑙   and 𝐾𝑖 = 𝜔𝑐𝑛
2 𝐽𝑡𝑜𝑡𝑎𝑙  . 

The closed loop natural frequency for the outer speed control loop is 𝜔𝑐𝑛 = 2𝜋 ×

0.5 𝑟𝑎𝑑/𝑠 and total inertia of the driveline 𝐽𝑡𝑜𝑡𝑎𝑙 = 0.0510 𝑘𝑔𝑚2. 

Proportional and integral controller values for the outer speed loop are,  

𝐾𝑝 =0.2411 

              𝐾𝑖 = 0.55 

c) Control gain design for the proposed torsional vibration reduction  

The control solutions are applied to the test rig to vary the natural frequency and 

damping ratio such that the modified system will be able to limit the torsional vibration 

effects. The various parameters required for the design of STF and SDF controls are, 
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𝛿𝑟𝑒𝑠−𝑛𝑒𝑤= 0.5 

𝛿𝑟𝑒𝑠−𝑜𝑙𝑑= 0.015 

𝜔𝑟𝑒𝑠−𝑛𝑒𝑤 = 2𝜋 × 33 rad/s 

𝜔𝑟𝑒𝑠−𝑜𝑙𝑑 = 2𝜋 × 31.25 rad/s 

The design values are taken from the Table 6.5.  

The proportional and integral controller for SDF control are designed based on (4.18) 

and (4.19) and the controller values are  

𝐾𝑝 = 2 × 0.036(2𝜋 × 33 × 0.707 − 2𝜋 × 31.25 × 0.015) =6.65 

𝐾𝑖 = 0.036((2𝜋 × 33)2 − (2𝜋 × 31.25)2) =159.8 

The proportional and differential controller for STF control are designed based on 

(4.22) and (4.233) and the controller values are  

 

𝐾𝑝 =
0.033

378.07
((2𝜋 × 33)2 − (2𝜋 × 31.25)2) =0.4227 

𝐾𝑑 =
2 × 0.036

378.07
(2𝜋 × 33 × 0.707 − 2𝜋 × 31.25 × 0.015) = 0.017 

To realise the differentiator a resonance controller is used. The resonance controller 

has a cut off frequency at 90 Hz and a damping ratio 0.2. The differential controller gain is 

modified to include the amplitude reduction of the resonant controller. The new differential 

gain is,  

𝐾𝑑 = 30 

2. Simulation result analysis: 

In the simulation, the DC machine is directly connected to load resistance through a 

power electronic switch.  The switch is off for a duration 0.02 s. This results in load removal 

in the DC machine. This load removal effects act as a rapid ventilation input to the 

mechanical driveline and will excite mechanical oscillations. The simulation setup was 

operating with a power output of 1. 2 kW, 1400 rpm, and transferring torque of 8.164 Nm 

in the driveline. Figs. 6.5 to 6.10 show the simulation results under sudden load impact with 

and without SDF and STF controls applied.  
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Fig. 6.5 shows the torque transferred through the driveline. At the instants of sudden 

load removals, large torque amplitudes are induced within the driveline. The driveline 

torque is oscillating between -3 Nm and 15 Nm. With the SDF and STF control action, the 

negative peak is reduced to 0 Nm and the positive peak is reduced to 9 Nm. The large shaft 

torque amplitude is reduced efficiently, and the oscillation is damped within the first cycle.  

Thus, the effect of sudden load removal on shafts can be limited by the proposed SDF and 

STF controls. 

 

Fig. 6.5 Simulation result of shaft torque. 

The speed of the driveline with SDF control and STF control are shown in Figs. 6.6 

and 6.7 respectively.  From the results, without any torsional vibration control, there are 

dynamic speed difference and torsional twisting with 180 degrees between the induction 

machine and the DC machine. The duration of the torsional twisting is about 0.3 s. This 

condition can affect the Shaft-C which is the weakest link in the driveline. When STF and 

SDF controls are switched in during sudden load change, there is steep increase in the speed 

of induction machine such that the speed of DC machine and induction machine become 

almost similar in amplitude but has a phase difference of 90 degrees. This illustrates a 

sudden motoring action during load removal. This sudden dynamic speed difference 

reduction can limit the torsional vibration from the end of first cycle.   

(

d) 
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Fig. 6.6 Effect of SDF control on drive line speed. 

 

Fig. 6.7 Driveline speeds with and without STF control. 

The speed difference between the motor and DC machine is shown in Fig. 6.8. From 

the figure, without any torsional vibration mitigation and under sudden load change, there 

are 10 cycles of first natural frequency vibrations. With SDF and STF controls, the 

vibrations are damped within the end of first cycles and there are reductions in terms of 

initial peak amplitudes. The initial positive peak is reduced from 28 rpm to 16 rpm and 

negative peak is reduced from -40 rpm to -20 rpm. This illustrates that the torsional twisting 

within the driveline can be reduced efficiently. 
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Fig. 6.8 Simulation result of speed difference. 

Figure 6.9 shows the electro-magnetic torque produced by the induction machine. 

Without any torsional vibration control under sudden load removal, the electro-magnetic 

torque is initially reduced to prevent the acceleration happening because of the load removal. 

While in the STF and SDF controls, the electro-magnetic torque is increased. This results 

in an acceleration effect and the motor speed becomes similar to the DC machine speed in 

amplitude. The peak amplitude of the electro-magnetic torque is two times the rated torque 

in the positive direction and the rated torque in the negative direction. The negative torque 

corresponds to regenerative actions and the energy of the torsional vibrations is delivered 

to the electrical system.     
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Fig. 6.9 Electro-magnetic torque produced by the induction machine. 

Thus, the simulation results prove that the proposed SDF and STF controls can limit 

shaft over torques, dynamic speed difference, and torsional vibrations in the driveline which 

are induced by extreme disturbances.  

6.4 Experimental results 

The hardware configuration of the multi–inertia test setup along with the control 

elements are shown in Fig. 6.10. Two-speed encoders are having a pulse per revolution of 

5000 installed on induction and DC machines to measure the respective speeds. The torque 

transferring through the driveline is measured using a torque sensor with a sampling 

frequency of 400 Hz. The induction machine is operated in the vector control mode using 

a commercial inverter. The inverter receives the reference torque input from the Dspace 

controller (DS1103). The switching frequency of the inverter is 15 kHz. Ventilation is 

applied to the load system by using a power electronic circuit breaker as shown in Fig. 6.11. 

In the simulation study, the circuit breaker is represented using a single switch in series 

with the load resistance. But in actual system, such configuration will result in the failure 

of the device because of the over voltage developed due to the inductive circuit breaking. 

Hence a capacitive circuit is designed to store the inductive energy and subsequently 

dissipate through a resistance. Switch S1 is on during normal operation and when ventilation 

needs to be applied S1 is switched off. The switch S2 is always off and the body diode is 

used to dissipate the inductive energy stored in the load resistance. The image of the test 

setup is given in Fig. 6.12.   
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Fig. 6.10 Hardware configuration of the experimental test setup. 
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Fig. 6.11 Power electronic circuit to induce sudden load changes. 

The control block diagram of the test setup is illustrated in Fig. 6.13. The Dspace 

controller includes the speed controller, SDF controller, STF controller and a pulse 

generator for the power electronic circuit breaker. The encoder pulses are converted to the 

speed information by using encoder card in DS1103. The analogue output of the torque 

sensor is converted digital value by using the ADC card in the Dspace controller.  This 

digital value is required for the STF control. The electro-magnetic torque reference is 

converted to analogue value by using DAC converter in the Dspace controller. This 

analogue signal is given to control card of Yaskawa A1000 drive. The Yaskawa control 

card includes the inner current control loops, flux controller, and modulator.  The speed 

required for the control action is obtained from the motor side encoder. 
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Fig. 6.12 Multi-inertia test rig. 
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Fig. 6.13 Control block diagram of the experimental test setup. 

Similar to the simulation setup, the multi-inertia test setup was operating with a 

power output of 1. 2 kW, 1400 rpm, and transferring torque of 8.1 Nm in the driveline. The 

experimental results are shown in Figs. 6.14 to 6.18. 

Fig. 6.14 shows the torque transferred through the driveline. The shaft torque 

waveform from the experiment has deviation from the simulation output.  The driveline 

torque in simulation oscillates between -3 Nm and 15 Nm, while in the actual driveline the 

shaft torque oscillates between 3 Nm and 11.8 Nm. With the SDF and STF control action, 

the positive peak is reduced from 11.8 to 8.2 Nm, while the peak in the downward direction 
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remains unchanged. In the real hardware environment, with SDF and STF control, there are 

improvements in terms of vibration duration and reduction of initial positive peaks.  

 

Fig. 6.14 Experimental result of shaft torque measured using the torque sensor. 

The speed of the driveline with SDF and STF controls are shown in Figs. 6.15 and 

6.16 respectively.  From the results, without any torsional vibration control, there are 

dynamic speed difference and torsional twisting between the induction machine and the DC 

machine. The duration of the torsional twisting is about 0.3 s. When the SDF and STF 

controls are switched on, there is a change in the steady state operating point and the speed 

has deviated from 1400 rpm. The highest change is shown by STF control where the speed 

value reaches 1340 rpm. In SDF control, the change in speed is from 1400 rpm to 1380 

rpm. The reason for the operating point shift is due to the sudden electro-magnetic torque 

change caused by the proposed controls. Because of the steady state operating point shift, 

the torsional vibration reduction is not clearly visible in the speed waveform. 
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Fig. 6.15 Driveline speeds with and without SDF control. 

 

Fig. 6.16 Effect of STF control on drive line speed. 

To show the vibration reduction effectiveness in speed, the speed difference between 

the DC machine and induction machine is taken and is shown in Fig. 6.17. The speed 

difference waveform without the proposed controls, has shown 8 cycles of torsional 

vibration with peak value of 40 rpm. With the proposed SDF and STF controls, the 

oscillation is damped within the end of first cycle with the peak positive value, which stays 

at 40 rpm while the negative peak is reduced from 40 rpm to 20 rpm. 
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Fig. 6.17 Experimental result of speed difference in the driveline. 

The electro-magnetic torque reference, which is fed from the Dspace controller to 

Yaskawa A1000 drive is illustrated in Fig. 6.18. Without the torsional vibration mitigation 

control, the reference torque remains near to the rated value. When the SDF and STF 

controls are switched in, reference torque oscillates between 18 Nm and -8 Nm. The initial 

motoring operation which is seen in simulation result is absent in the torque reference 

waveform in the hardware results. As a result of this absence, there is no reduction in initial 

shaft toque under peak as well as initial positive peak in the speed difference waveform. 

 

Fig. 6.18 Electro-magnetic torque reference. 
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Results from the experimental investigation have shown that the proposed control 

algorithms are able to reduce the dynamic effects of sudden load disturbances in the 

driveline. Both SDF and STF have shown similar performance in terms of vibration 

duration reduction and vibration amplitude reduction. 

6.5 Comparison between simulation and experimental results 

The simulation results in Figs. 6.5 to 6.9 are compared with the experimental results 

in Figs. 6.14 to 6.18, and the comparison analyses are summarised in Table 6.6. The results 

show that the proposed control algorithm can limit the torsional stresses and vibration 

duration which are excited due to extreme load fluctuations. The simulation and 

experimental results show good similarities in terms of improvements in vibration with 

minor differences in torque amplitude, speed difference amplitude, and electro-magnetic 

torque reference. These differences are induced due to unmodeled effects such as damping 

terms, frictional effects etc. From the comparison results, it can be concluded that the 

simulation can be an effective tool for initial control algorithm verifications. Thus, the 

approach for verifying the SDF and STF controls in diesel generator and azimuth thruster 

simulation models can be taken over to real marine electro-mechanical systems. 

Table 6.6 Comparative analysis of simulation and experimental results 

 Parameters Simulation results Experimental results 

Without proposed 

controls 

Peak torque 

amplitude 

15 and -3 Nm. 12 Nm and 4 Nm 

Torsional twisting 

duration 

0.4 s 0.3 s 

First cycle peak 

speed difference 

22 and -40 rpm 40 and -42 rpm 

Electro-magnetic 

torque 

10 Nm and 4 Nm 10 Nm and 8 Nm 

With the proposed 

controls 

Peak torque 

amplitude 

SDF:  9 and 0 Nm. 

STF:  9 and 0 Nm 

SDF: 9 and 4 Nm. 

STF:  9 and 4 Nm 

Torsional twisting 

duration 

SDF: 0.03 s 

STF: 0.03 s 

SDF: 0.03 s 

STF: 0.03 s 

First cycle peak 

speed difference 

SDF: 18 and -20 rpm 

STF: 18 and – 20 rpm 

SDF:  40 and -20 rpm 

STF:  40 and -20 rpm 

 Electro-magnetic 

torque 

SDF: 16 and -8 Nm. 

STF:  20 and -12 Nm 

SDF: 16 and -4 Nm. 

STF:  19 and -7 Nm 
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6.6 Conclusion 

This chapter described the design of the multi-inertia test setup used for the 

verification of the proposed control algorithms. The multi-inertia test setup was designed 

to be analogues to the azimuth thruster driveline. A SIMPACK model of the multi-inertia 

test setup was made before manufacturing and the initial verification of the control 

algorithms are performed. The simulation results with the proposed SDF and STF controls 

showed immense improvements in terms of initial peak over torques, under torques, 

vibration duration and torsional twisting. With the initial verification in the simulation, an 

experimental test rig is manufactured and tested under sudden load disturbance conditions. 

The experimental test setup is driven by a standard industrial drive which has received the 

torque reference input from a master controller which is a Dspace DS1103. The DS 1103 

controller included speed control, SDF control, and SDF control functions. The torsional 

information and shaft torque information were obtained by using two speed encoders and 

shaft torque sensors installed in the driveline. The experimental results were like the 

simulation results with minor differences in initial peak torque amplitudes, initial peak 

speed difference amplitudes, and electro-magnetic torque reference command. These 

deviations can be linked to un-modelled dynamics in the simulation as compared to real 

experimental hardware setup.  

 The proposed control algorithms for torsional vibration reduction are verified in 

theory, simulation with detailed system level models, and experimentation with low power 

electro-mechanical systems. The next chapter summarises the key research findings and 

discusses the possibility and applications of the proposed controls in actual marine systems 

and its generalisation in various electro-mechanical fields.  
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Chapter 7 Conclusions and Recommendations 

7.1 Conclusions 

In the last decade, the marine systems have seen an increased integration of 

electrified components. The operational reliability and the downtime associated with the 

electro-mechanical components are the main bottleneck for such electrified systems. The 

reliability issues in the electro-mechanical systems have resulted from sudden disturbances 

associated with extreme sea states. Therefore, the need for a compensating method that can 

reduce the effects of extreme disturbances has raised for more reliable marine propulsion 

systems. 

The first part of research work deals with the modelling of marine propulsion 

system components. The diesel generator with active front converter and the azimuth 

thruster with the inverter are modelled. The modelled system can be an effective tool for 

designing and can be used for the analysis of the performance and stability of controllers. 

The modelled system can also be used to identify the potential failure reasons, stress 

distribution patterns, and torsional vibration effects induced due to extreme disturbances.  

The second part of research work addresses the analysis of various torsional 

vibration mitigation techniques reported in the literatures. The limitations of the existing 

torsional vibrational mitigation techniques are explained. With the limitations of the 

existing techniques, two new control solutions based on the feedback of torsion are 

proposed to mitigate the torsional vibration effects. By suitably limiting the torsional 

vibrations, it is possible to limit the extreme disturbance effects in marine propulsion 

systems. 

The third part of the research work addresses the application of the developed 

vibration mitigation techniques on the diesel generator and azimuth thruster driveline. The 

simulation results show the effectiveness of the proposed SDF and STF controls in 

mitigating extreme disturbance effects in the driveline of the diesel generator and azimuth 

thruster. The possibility of transient torsional energy absorption scheme, optimal placement 

sensors, full order state observers, and the acceleration prevention concept are investigated 

in these azimuth thruster driveline to improve the extreme disturbance effects.  
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The final part of the research work deals with design, simulation, and 

implementation of a 1.2 kW multi-inertia test setup for the verification of the proposed 

control algorithms. The multi-inertia test setup was designed to be analogues to the azimuth 

thruster driveline. The simulation and experimental results with multi-inertia test setup 

shows improvements in terms of initial peak over torque, under torques, vibration duration, 

and torsional twisting. 

7.1.1 Diesel generator model 

 Developed a detailed high fidelity diesel generator system model in terms of 

mechanical vibrations, diesel engine characteristics, and the control of three-

phase active front-end converter.  The detailed model is used to predict the 

effects of mechanical and electrical disturbances in diesel generator systems. 

The disturbance excites resonant frequency oscillations that induce fatigue 

torque overloads and torsional stresses between the engine and the generator. 

7.1.2 Azimuth thruster model 

 Integrated a higher fidelity drivetrain model of azimuth thruster with inverter 

driven induction machine model to enhance the investigation of electro-

mechanical interaction between electrical machine and propeller drivetrain.  

 The higher fidelity drivetrain model of the azimuth propeller integrated with 

the electrical system is tested under extreme rapid ventilation with varying 

amplitude and duration. Torsional stresses, torque overloads, dynamic speed 

difference, and acceleration effects are displayed in the propeller driveline 

components under rapid ventilation.  

7.1.3 Analysis of torsional vibration mitigation techniques 

 The theoretical analysis on existing vibration mitigation techniques shows 

that they are limited in damping and natural frequency improvement, 

sensitive to parameter variation and parameter uncertainties, susceptible to 

noise related problems, and incapable of independent control of damping 

ratio and natural frequency. 

  With the limitations of the existing control techniques, two new control 

solutions one based on the feedback of speed difference (SDF) and second 

based on feedback of shaft torque (STF) have been proposed to reduce 
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torsional vibration in electro-mechanical systems. Both the control solution 

use torsion as the feedback variable and varies the equivalent material 

damping and equivalent shaft stiffness in the driveline which gives an 

independent control of damping ratio and natural frequency. 

  From the theoretical analysis, the proposed SDF and STF methods have 

almost the similar performance in terms of damping improvement and natural 

frequency shift. But, STF method requires a differentiator for proper 

operation which amplify measurement noises and can introduce noise related 

problems in the control circuitry.  

7.1.4 Application to reduce the dynamic effects of extreme disturbances in 

diesel generator driveline 

 To reduce the effect of torsional stresses and over-torque, SDF is the 

preferred solution in diesel generator, since the SDF method does not require 

any additional sensors. Simulation results have illustrated significant 

improvements in terms of initial peak over torque and vibration duration. 

  The SDF control scheme protects the diesel generator’s mechanical driveline 

components by transferring the torsional energy to the electrical DC link. The 

controller gain can be optimally designed depending on the instantaneous 

peak overcurrent rating of the power electronic components. The active 

protection scheme helps in the optimal design of the flexible coupling by 

controlling the amount of damping, thus resulting in cost benefits during 

design.  

7.1.5 Application to reduce the dynamic effects of extreme disturbances in 

azimuth thruster driveline 

 The SDF and STF methods provides virtual material damping and virtual 

stiffness in the driveline and increase the damping and natural frequency. 

These variations reduce dynamic torsional stresses in azimuth thrusters.  

Simulation results have illustrated almost similar performance for the SDF 

and STF controllers in reducing the shaft over torque, dynamic speed 

difference, and torsional stress.  

 The performance analysis by placing the speed and torque sensors at different 

locations in azimuth thruster driveline shows that second torsional frequency 
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can become lightly damped if the sensors are not placed correctly. The best 

position for placing the sensors in the azimuth thruster driveline is near to the 

flexible coupling.  

 The installation of extra sensors in azimuth thruster can be avoided by 

integrating a full state feedback observer, and the results show similar 

performance for the sensors and observer.  

 The transfer of torsional energy in to DC link system creates power quality 

and diesel generator vibration problems. To overcome these problems, a 

supercapacitor based transient energy scheme is designed and integrated with 

the DC bus control.  

 To reduce the shaft over-torque and acceleration of azimuth thruster driveline 

during long duration of ventilation in torque control mode, an auxiliary 

acceleration prevention control scheme is designed and integrated with the 

electrical machine control. The analysis on the simulated system with the 

auxiliary control scheme have shown reduction in shaft over-torque and 

prevention of acceleration of the driveline. 

7.1.6 Experimental test rig design and validation of the proposed controls 

 A 1.2 kW multi-inertia test setup is designed for the verification of the 

proposed control algorithms. A SIMPACK model of the multi-inertia test 

setup was made, and the initial verification of the control algorithms was 

performed by conducting co-simulation with MATLAB. With the initial 

verification in the simulation, an experimental test rig was developed and 

tested under sudden load disturbance conditions. The experimental results 

were almost similar to the simulation results with minor differences in initial 

peak torque amplitude and initial peak speed difference amplitude. 

7.2 Summary of Contributions 

 Development of two new control solution for mitigation of torsional vibration 

in electro-mechanical systems. 

 System level model for marine diesel generators and active torsional 

vibration reduction during engine transients and electrical load disturbances. 

 Detailed system level model for azimuth thruster and torsional load 

mitigation during extreme sea conditions. 
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 Transient torsional energy absorption scheme based on supercapacitor.  

 Design of a multi-inertia test rig and real-time verification of torsional 

vibration mitigation techniques. 

7.3 Recommendations for future work 

The recommendation for future work is discussed based on the major contribution 

of this thesis research.  

7.3.1 SDF and STF control as a general industrial solution for torsional 

vibration reduction 

Similar to marine power generation and propulsion systems, multi-mass electro- 

mechanical energy conversion systems with downsized engines, advanced torque 

strategies, and lighter powertrains are getting more popular in wind turbines, hybrid power 

trains, and aero starter generator system etc. Such electro-mechanical systems are getting 

more vulnerable to torsional vibration loads due to lighter drivetrain designs.  Harsh 

operating conditions can also result in dynamic torques and torsional vibrations to be 

induced in the systems and can affect the operability and lifetime of the system. Failures of 

the driveline components such as gears, couplings, bearings are the most common fault 

associated with such electro-mechanical systems. The proposed SDF and STF control can 

also become a promising solution to protect these mechanical drivelines. Hence, research 

is required to make the proposed SDF and STF as a general industrial solution for torsional 

vibration reduction in all the electro-mechanical systems and this constitutes the future 

work of this thesis work. 

7.3.2 Real-time implementation in actual marine propulsion systems 

The proposed SDF and STF control have been validated in theory, simulation, and 

real-time implementation in lower power model. The results have illustrated a superior 

performance of proposed controls in reducing the torsional stress.  Implementation of the 

proposed controls in actual marine propulsion system and sea trials are required before final 

application. This work will not be possible in lab environment due to the limitation of lab 

power supplies, unavailability of thruster system, and realisation of extreme disturbance 

etc. Hence, this work is proposed to the industrial stakeholder Rolls Royce Marine. The 

methodologies developed by author can be useful and a helpful resource in validation of 

the control algorithm in actual system. 
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7.3.3 Mitigation of torsional vibration load in direct drive azimuth thruster 

driveline 

In the analysis, we considered the azimuth propeller to be Z-type and is driven by 

induction machines. The advancements in power electronics, magnetic materials, and 

manufacturing technologies have resulted in the innovation of direct drive propulsion 

systems in marine industry.  The model of a direct drive is illustrated in Fig. 7.1. The direct 

drive propulsion systems are the preferred choice of propulsion in extreme application like 

ice breakers and arctic tankers, where the propulsion system often meets with extreme sea 

conditions [139-141]. The operations at these extreme sea conditions can affect the 

healthiness of the bearings in the direct drive systems [141-143], and operational limitations 

have been specified by the shipping industry to ensure proper safety of the ship and the 

propulsion unit [72].  In addition to these operational limitations, it will be beneficial to 

have an active protection scheme to improve the reliability. The proposed solutions are 

valid and needs to be tested on direct drive azimuth propellers. For such testing both 

electrical system as well as mechanical system modelling are required and has been planned 

for the future course of action.  

 

Fig. 7.1 Component level model of direct drive propeller [139, 141]. 

7.3.4 Mitigation of Unbalanced masses effects in electro-mechanical systems 

Residual unbalance in electro-mechanical system may occur due to manufacturing, 

installation defects, or even resulted because of extreme transient torsional events. Rotating 

unbalance is the uneven distribution of mass around the axis of rotation. One of the main 

consideration for optimal operation of multi-megawatt electro-mechanical system is right 

mechanical balance. The presence of small amount of mechanical unbalance induce 

fluctuating loads to individual driveline components and can result in the failure of sensitive 

components like bearing, couplings, and gear box etc. [144-145]. Moreover, the presence 
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of unbalance creates accelerating and decelerating forces under each revolution and can 

reduce the energy transfer which in turn increases the operating cost. For a structurally 

unbalanced electro-mechanical system, the dynamic torques are produced at the operating 

frequency, which can coincide with first torsional frequency only when operated at the 

critical speed. The proposed STF and SDF controls cannot be directly applied to mitigate 

the dynamic effects of mechanical unbalance. Proper investigation is required in terms of   

modelling and applications to mitigate the dynamic torque effects in an unbalanced electro-

mechanical system. 

7.3.5 Modelling improvements to include dynamic imbalance, Coriolis, and 

centrifugal structural forces 

In this thesis, one dimensional linear lumped parameter modelling approach is used 

for the mechanical system which neglects nonlinear dynamical forces such as structural 

centrifugal and fluidic forces. The inclusion of coupled effects of fluid and centrifugal 

forces can accurately give more vibration related information.  The modelling of the 

mechanical system should be modified to include these nonlinear structural and fluidic 

forces. The three dimensional structural modelling and Campbell diagram approaches are 

required to be used for modelling these dynamic forces. The software SIMPACK is very 

much capable to do the three dimensional structural modelling and will be used.    The 

effects of these dynamic forces on the proposed SDF and STF controls also needs to be 

investigated to understand the stability aspects of the control algorithms.  

7.3.6 Inclusion of multiple diesel generator, multiple azimuth thruster, hotel 

and electrical loads and system level testing of electro-mechanical interaction 

and torsional vibration load reduction in on-board DC system 

In this thesis, unit level analysis of electro-mechanical interaction and torsional 

vibration load reduction of diesel generator and azimuth thruster which are shown inside 

the red box in Fig. 7.2 is performed by using decoupled approach. Next step of verification 

will be system level testing of torsional vibration load reduction for the on-board DC system 

model shown in Fig. 7.2. For system level testing, coupled models are required which takes 

multiple diesel generators, multiple azimuth thrusters, electrical motors, pump loads, and 

hotel loads. On-board DC system level control models also needs to be integrated for proper 

analysis in addition to various unit level control models.   
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 Glossary 

Azimuth thruster- A marine propulsion arrangement that can rotate to any horizontal angle. 

Breakaway point- The points where the loci of poles of a system meet and branch away 

from the real axis into complex space to terminate at open-loop zeros. 

Cavitation-Formation air bubbles around the rotating thruster blades which results in noise, 

vibration, and material erosion. 

Co-simulation- Analysis of coupled system by composing the simulation using two or more 

software resources. 

Cylinder deactivation- Engine stopping the operation in some of the engine cylinders when 

that extra power isn’t needed. 

Cylinder misfire- Loss of spark which results in the missing of one cylinder in operation. 

Cylinder failure- Loss of operation of one of the engine cylinder permanently. 

Drivetrain - The group of mechanical components that deliver power form source to load. 

Electro-mechanical interaction- The transient influence of electrical system on mechanical 

system and vice versa which result in failures. 

Engine transients- Dynamic operation of engines during sudden mechanical and load 

disturbances. 

Extreme loads- Forces or moments that affect the reliability of mechanical system. 

Fall time- The time required by the propeller torque to change from rated torque to zero in 

a rapid ventilation event. 

Fatigue- weakness in shaft or other components caused by repeated variations of stress. 

Foreign body impact- The propeller crushing a block of ice or foreign body.  

Hydrodynamic loads- The forces acting on or exerted by fluids (especially liquids). 

Integrated time absolute error (ITAE) - Integral of the absolute error multiplied by time 

which is a principal used for designing the controllers. 

On-board- Available or situated on a ship. 

Rapid ventilation- The propeller is momentarily lifted out of water due to rough sea state. 
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Rise time- The time required by the propeller torque to change from zero to the rated torque 

in a rapid ventilation event. 

Rotating dynamic unbalance- Uneven distribution of masses around an axis of rotation which 

results in the rotor a wobbling movement. 

Speed control- An operation mode of electrical machine in which the control variable is the 

rotating speed. 

State variables- Variables that are used to describe the mathematical state of a dynamical 

system. 

Steady time- The time duration in which the propeller torque stays at zero in a rapid 

ventilation event. 

Thruster-thruster interaction- Influence of two thrusters in close proximity. 

Torque control-An operation mode of electrical machine in which the control variable is 

the developed electric torque. 

Torque reversal- Torsional oscillation in which the amplitude of the torque goes below zero.  

Torsional energy absorption- A mechanism or control algorithm which absorbs the 

torsional energy and reduce the detrimental effects. 

Torsional stress- Shear stress developed in a shaft due to twisting. 

Virtual inertia- An additional inertia added by electronic control action. 

Virtual material damping- An additional material damping induced by electronic control 

action- 

Virtual stiffness- An additional stiffness induced by electronic control action. 


