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Abstract. The advantage of a simulation is the level of detail that can be obtained from it. A 

simulation yields results that are not experimentally measurable with our current level of 

technology. Most of the time, simulation testing is cheaper and faster than performing 

multiple tests of the real design. Designing and testing is becoming much easier with 

development of simulation tools. The pretesting while the model is still under construction 

can eliminate the different oversights that can be made. Three of the most commonly used 

types of converters used as motor drives for AC motors in electric propulsion are presented in 

this paper: cyclo-converters, PWM converters and synchro-converters. Modelling the 

frequency convertors in simulation software, it is possible to define which converter is 

suitable for a given power system. 
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1. Introduction 

Modeling and simulation techniques have an advantage of simulating the behaviour and 

performance characteristics of real physical systems without conducting actual expensive and 

potentially dangerous physical experiments. Besides the benefits in evaluating and optimising 

existing systems and their states, modeling and simulation techniques also bring many 

advantages to designing new electric propulsion systems or some of their elements. In this 

way, the expensive and time consuming process of building a prototype, testing it and 

performing its modification is bypassed. The other advantage is that the behaviour 

ofunmeasurable variables can also be observed and taken into a consideration. 

Unlike in a mechanical propulsion system, in an electric propulsion system there is no direct 

link between the prime mover ad the propeller, so the speed of a prime move (for example gas 

turbine) can be optimised regardless of the propeller speed, which leads to better efficiency 

and lower fuel consumption.  

The electric propulsion system allows more flexible ship design and can be integrated in a 

known or previously designed ship construction more easily, while the mechanical propulsion 

systems have to be taken into consideration at the very beginning of the ship construction 

designing process. It also requires less of the internal ships space than the mechanical 
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propulsion system. The free volume acquired in this way can bring additional economical 

benefits to the ship, according to its allocation. In this way, for example, war-ships can use the 

extra volume for additional or bigger weapon storage, commercial ships for more passengers 

or load. In technical sense, the electric propulsion is used mainly where there's a need for a 

high level of maneuverability. 

As shown on Figure 1, electrical propulsion system consists of a prime mover, a generator, a 

motor drive, a motor and a propeller.  Rotation speed of electric propulsion motor is typically 

regulated by a static frequency converter, which is the most significant component of the 

electrical propulsion system, whose efficiency, output power quality and  transient response 

depend upon it significantly. 

  

MotorGenerator

Propeller

Motor
Drive

Prime
Mover

 

Figure 1. Electrical propulsion scheme 

In order to improve the electric propulsion system efficiency, every element of the electrical 

propulsion scheme should be carefully chosen and modelled. Typical values of electrical 

efficiency for basic elements of the electric propulsion system are given in Table 1. 

Table 1. Typical values of electrical efficiencies in diesel-electric propulsion (DEP) system[1] 

 Typical values of electrical efficiency 

Generator 0.95 – 0.97 

Switchboard   0.999 

Transformer   0.99 – 0.995 

Frequency Converter      0.98 – 0.99 

Electric Motor                 0.95 – 0.97 

Diesel engine shaft to electric propulsion motor shaft 0.88 – 0.92 

2. Electrical drive 

Electrical drive is chosen depending on the electrical propulsion motor. Thyristor controlled 

DC drive that directly converts AC to DC voltage is used for DC electrical propulsion motors, 

which are being slowly abandoned, mainly due to their size, purchase and maintenance costs. 

For rotation speed regulation of AC electrical propulsion motors, most commonly induction 

(asynchronous) machines, classic synchronous and permanent magnet synchronous motors, 

both voltage and frequency control must be applied. 

There are three main types of converters used as motor drives for AC motor electric 

propulsion: cyclo-converters, pulse width modulation (PWM) convertersand synchro-

converters. Cyclo-converters perform direct AC to AC conversion and can be used to drive all 

AC electrical machines. PWM converters also used as drives for all AC electrical 

machines.Synchro-converters are used exclusively for synchronous machines perform indirect 

conversion in two steps: AC to DC and DC to AC voltage conversion.  While cyclo- and 

synchro- converters played a significant role in the past, in a last decade they are being 

replaced by PWM converters. The main reason for more frequent application of PWM 

converters is the rapid development of power electronics, which made it possible to produce 

electrical powerhigh enough for electric propulsion demands as seen on Figure 2. For very 
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high power, the most favoured option is to use a pair of high efficiency, high voltage AC 

synchronous motors with fixed pitch propellers (FPP) driven at variable speed by frequency 

control from electronic converters. A few installations have the combination of controllable 

pitch propellers (CPP) and a variable speed motor. Low/medium power propulsion (1-5 MW) 

may be delivered by AC induction motors with variable frequency converters or by DC 

motors with variable voltage converters. The prime-movers are conventionally constant speed 

diesel engines driving AC generators to give a fixed output frequency.  

 

                 Figure 2. Single line diagram of electric propulsion system with PWM converters 2x6 MW, 24-pulses 
            SOURCE: http://www.sam-electronics.de/dateien/pad/broschueren/1.002.pdf 

3. Contributions of simulations of pulse width modulation (PWM)  control 

There are three most commonly used modulation methods of PWM current control: hysteresis 

PWM, sine–triangle pulse width modulation SPWM and space vector PWM. They were 

explained, conducted and comparedin [3].Figure 3. represents Matlab Simulink model of 

PWM regulated propulsion motor that was used in [3].  

 

Figure 3. Matlab Simulink model of PWM regulated propulsion motor [3] 

Electrical propulsion motor is presented as an induction machine and modelled in a stationary 

time frame. Ship's electrical network is connected to the converter through the three- phase 

Y/y/d transformer. The converter consists of a rectifier, which is a serial connection of two 

three-phase six-pulse diode rectifiers, DC link and a six-pulse two level PWM inverter with 

IGBT transistors. 
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The model simulation and analysis is based upon electric propulsion motor power quality 

characteristics and doesn't take the converter's effect on the ship's electrical system into a 

consideration. For further and more complex analysis, the Matlab Simulink model and it's 

elements could be additionally upgraded. Model presented in [3]focused on the PWM 

generator block, which was designed differently for each of the three analyzed modulation 

methods. Its programmed pulses bring transistor to required on and off stages and in this way 

control the output electric propulsion motor currents and voltages. 

The principle of a hysteresis current control PWM method is the maintenance ofelectric 

propulsion motor current value within the error limits, set in relation to the referent current 

value, which is defined by the hysteresis bandwidth. The comparison is based on the current 

feedback.PWM inverter is controlled in a way that when the regulated current for a  specific 

phase overreaches the referent current, it is being decreased by one of the upper transistors 

(T1, T3, T5) responding to that phase switching off and one of the lower (T4, T6, 

T2)switching on. When the regulated current decreases below the referent current value, the 

transistors switch contrariwise, which causes the wanted current increase.The advantage of a 

hysteresis current control PWM method is that it provides an output current independent of a 

DC link current ripple. It's imperfection lies in a necessity to ensure lock-out time between the 

transistors switching stages. 

The principle of a sine-triangle PWM method is the maintenance of electric propulsion motor 

voltage value within certain limits, defined by a comparison of its referent sinusoidal voltage 

signal to atriangular carrier voltage signal. Programmed PWM pulses are switching 

semiconductor valves in geometrical intersections of those two compared signals, enabling 

the output voltage value to increase or decrease when it goes beyond boundary limits. The 

same carrier signal can be used in controlling all three output phase voltages. The quality of 

the output voltage and frequency spectrumcan be describedwith a frequency modulation index 

mf, defined as an ratio of the triangular sinusoidal carrier frequency fc and the output voltage 

fundamental frequency fo: 

      𝑚𝑓 =
𝑓𝐶

𝑓0
     (1) 

The principle of a space vector PWM method is the maintenance of electric propulsion motor 

voltage value close to its referent value, which is modulated by combining eight space 

vectors. Space vectors are defined by possible transistors switching stages, where each stage 

is defined by the upper and lower transistor of the same phase being in opposite modes, 

meaning one has to be off and the other one on. Since there are three phases with two possible 

switching states (upper transistor on and lower off representing logical 0, logical 1 

represented by the opposite stage), this provides eight different combinations. Referent 

voltage signal vector formed in this way is then transformed from three-phase abcinto 

stationaryαβtime frame and its α and β components and an angle between them γ are used for 

calculation of switching times. 

The output characteristics for those three methods were compared in [3], considering the 

electrical propulsion motor current and voltage fluctuations and frequency spectra. The 

comparison was made in a stationary state for different motor loads and speeds and same 

switching frequency of 1800 Hz, which was approximately met with the hysteresis bandwidth 

of 0.1 per unit (p.u.) in hysteresis current control method, and accurately reached with 

constant frequency modulation indexof mf =93 in sine-triangle and space vector control 

methods. For the purpose of showing the influence of the frequency modulation index mf on 

the output metrics quality, the analysis for sine-triangle and space vector control methods was 

also performed for mf =63, which represents the switching frequency of 1260 Hz. 

Figure 3. represents the results for the three analysed PWM modulation methods, expressed as 

the voltage and current harmonic distortions depending on the electrical propulsion motor 

speed. Total harmonic distortion THD is defined as a mean square value of higher harmonics 
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expressed as a percentage of the value of the first harmonic. The total harmonic voltage 

distortion THDu and the total harmonic current distortion THDi are defined as [7]: 

          

     𝑇𝐻𝐷𝑢 =
√∑ 𝑈(ℎ)

2𝑛
ℎ=2

𝑈(1)
∙ 100%    (2) 

         

     𝑇𝐻𝐷𝑖 =
√∑ 𝐼(ℎ)

2𝑛
ℎ=2

𝐼(1)
∙ 100%    (3) 

      

As illustrated, of all three methods,for the same switching frequency of 1800 Hz, hysteresis 

current control PWM method (Hyst.) shows the highest THDi and significant increase in 

THDi harmonic distortions at lower motor speeds, which can be lowered by narrowing the 

hysteresis bandwidth, but it would have a higher switching frequency as a side effect, which 

would add to a converter complexity and cost. For the same switching frequency of 1800 Hz, 

the sine-triangle PWM method (STM, mf = 93) gives sufficiently low and the space vector 

PWM method (SVM, mf = 93) the lowest THDi. But, it can also to be noticed that a frequency 

modulation index influences the THDi so strongly, that the sine-triangle PWM method for mf 

= 93 gives lower THDi than the space vector PWM method for mf = 63 (SVM, mf = 63).  

 

Figure 4. Comparison of total current and voltage harmonic distortion between simulated methods                                                                                                     

                with different frequency modulation indexes as a function propulsion motor speed[3] 

THDu shows no significant dependence upon the propulsion motor speed. It is the lowest for 

the the space vector PWM method and the highest for hysteresis current control PWM method 

and isn't significantly influenced by frequency modulation index mf. By increasing the 

frequency modulation index, and therefor also the switching frequency, THDu shows only 

slight decrease. Although THDu is very high comparing to THDi, it hasless influence on the 

electric propulsion motor performance.   

Besides the lowest THDi ≈5% and THDu ≈ 50%, space vector PWM method also gives the 

highest effective DC voltage utilization[3]. 

Table 2. shows technical data of a driven motor and the harmonic distortions as results of 

another sine-triangle PWM (SPWM) simulation [4], made in Electro Magnetic Transients 
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Program (EMTP), a professional software for simulation and analysis of transients in power 

systems. 
Table 2. Technical data of a SPWM converter driven motor study case [4] 

Converter characteristics 

SPWM converter:  

input frequency, output frequency: 12 Hz, amplitude factor: 0.9, carrier frequency: 108 Hz 

Driven motor characteristics 

Induction motor: 

3- phase, 12 Hz, 5 kV/ 10 MVA Y, 4 poles 

Harmonic distortion of study case 

Voltage THD 66 % 

Current THD 22 % 
 

In the simulation model a prime mover was analysed as a diesel engine and a cogeneration 

gas turbine, power generation as two to four synchronous generators capable of covering 

more than 50% of the installed load each, connected to the SPWM converter motor drive 

through the power transformer. Electrical propulsion motor is presented as an induction 

machine. Figure 5. represents the scheme of a three-phase PWM converter used as a motor 

drive in this simulation. 

  

 

 

 

 

Figure 5. Typical structure of  a three-phase pulse width modulation (PWM) converter 

The SPWM converter consists of a three-phase six-pulse diode rectifier (a full wave bridge), 

DC link and a six-pulse two level transistor PWM inverter. Diodes connected in parallel to 

each switching transistor provide current bypass paths and protect the transistors. When a 

transistor is switched off, the current through the diode connected to it flows until all the 

energy in the inductive load (electric propulsion motor) is dissipated. [10]  

The total harmonic voltage distortion THDu = 66% and the total harmonic current distortion 

THDi = 22% are higher than in the best case of previously considered PWM simulation, the 

one that used space vector PWM method. The reason for that lies in the approach to this 

simulation, which mainly focused on modeling of the converter and electrical propulsion 

motor, while the power quality was of a a secondary consideration. 

4. Contributions of simulations of cyclo-converter control 

Table 3. shows technical data of driven motors and the harmonic distortions as results of 

cyclo-converter control simulation, made in EMTP [4].  

Simulation model is presented with the prime mover as a diesel engine and a cogeneration gas 

turbine, power generation as two to four synchronous generators, a power transformer, a 

motor drive as a cyclo- converter. Two simulations were done, where the electrical propulsion 

motor was presented as an induction machine in the first case and as an synchronous motor in 

the other one. 
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Table 3. Technical data of cyclo-converter driven motors study cases  [4] 

Converter characteristics  

12- pulse IGBT cyclo- converter:  

12 IGBTs per phase, input frequency: 50 Hz, output frequencies: 12 Hz, 5 Hz  

Driven motor characteristics 

Induction motor:  

3- phase, 12 Hz, 5 kV/ 10 MVA Y, 4 poles 

Synchronous motor: 

3- phase, 5 Hz, 5 kV/ 10 MVA Y, 4 poles 

Harmonic distortion of study cases 

Voltage THD 24 % Voltage THD 14 % 

Current THD 13 % Current THD 19 % 
 

Figure 6. represents the scheme of a three-phase cyclo-converter used as a motor drive in this 

simulation. 

 

Figure 6. Typical structure of  a three-phase cyclo-converter 

A converter used in this simulation is a three-phase 12-pulse cyclo-converter, that consists of 

36 thyristors. For each phase of the cyclo-converter, an input is connected to the 

corresponding phase of the power transformer and an output to the corresponding phase of 

electrical propulsion motor. A converter's phase consists of two 6-pulse inverter bridges 

connected in parallel, with mutually contrariwise directed six thyristors. One of the bridges is 

responsible for providing a positive and the other one for a negative cycle of the output 

current. A specific characteristic of a cyclo-converter is the omission of the intermediate DC 

link, for it provides a direct conversion of AC supply frequency and voltage to an output 

frequency and voltage.  

The main power quality disadvantages of the cyclo-converter are large content of higher 

harmonics in voltage quantity and significant distortions in the output voltage waveform. The 

results of the study summary presented in Table 3. are the total harmonic voltage distortion 

THDu = 24% and the total harmonic current distortion THDi = 13% for the given induction 

motor and total harmonic voltage distortion THDu = 14% and the total harmonic current 

distortion THDi = 19% for the given synchronous motor. 

Although total harmonic distortion factors for the three-phased cyclo-converter appear low in 

comparison to PWM converters, they grow significantly with the increase of the output 
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frequency. For that reason, cyclo-converters are limited in terms of the output frequency, that, 

in practice never goes beyond 30% of the input frequency. Nevertheless, due to the more 

loose power quality standards in the ship electrical propulsion system than in the land-based 

electrical power system, cyclo-converters provide satisfactorily low harmonic distortion 

factors and find their implementation electric propulsion systems. 

The results also show that three-phase cyclo-converters give better output power factor 

characteristics for synchronous than for induction machines, which corresponds to their 

common application. 

5. Contributions of simulation of super-capacitor hybrid converter control 

In dynamic working conditions, such as dynamic positioning, the load variations influence the 

electric system stability. Dynamic working conditions sometimes entail the need for 

additional running engines, which causes significant increase in fuel consumption and 

increases the system maintenance costs. The enabling the increase of the average loading with 

as fewer running engineswould provide environmental and economical benefits. 

For dynamic working conditions, the performance of electric propulsion system can be 

additionally improved by choosing a modern hybrid converter control solution, that includes 

the super-capacitors, as introduced in [2].  

Super-capacitors are a low cost new type of energy storage that can be implemented in both 

AC and DC grid systems and improve system efficiency up to 20%. They found their 

appliance mainly in transport industry. The geometry and the physical construction of a super-

capacitor distinguishes it from a conventional battery, by bringing the advantages like greater 

capacitance within the same volume, ability to deliver frequent pulses of energy for quick 

charging, more than hundreds of thousands of cycles in a lifetime and a wide working voltage 

range. As a result, they also grant lower maintenance costs.Unfortunately, unlike the high 

power density, energy density is limited comparing to conventional batteries.  

In electric propulsion systems with previously considered converters, super-capacitor would 

be implemented directly to the DC bus of the frequency converters, as shown in Figure 7.[2] 

=
~

~
=

=
=

Motor

DC

AC

 

Figure 7. Implementation of a super-capacitor hybrid converter 

The typical structure of a super-capacitor hybrid converter is shown in Figure 8.In the buck 

mode super-capacitor is being charged through the MOSFET T1 and energy flows from the 

network to the super-capacitor. When the charging cycle is complete, the current through the 

super-capacitor is closed in the D2-L-SC loop and the current from DC bus is directly 

transmitted to the output IDC=Iout. In the boost mode super-capacitor is being discharged 

through the diode D1 and energy flows from the super-capacitorto the network. When the 
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discharging cycle is complete, the current through the super-capacitor is closed in the T2-L-

SC loop and the current from DC bus is directly transmitted to the output IDC=Iout.    

T2

T1

L

SC

Iout 

IL 

IDC 

D2

D1

 
Figure 8. Typical structure of a super-capacitor hybrid converter 

ABB designed drive control unit modified for the super-capacitor hybrid converter includes 

double loop control method that both controls the dynamic power flow and ensures  that the 

super-capacitor voltage range is maintainedbetween certain limits. Regulation of the control 

signal also takes into consideration the capability of a source regarding to a load power 

consumption.Figure 9. and10. represent Matlab Simulink model of described ABB designed 

regulated propulsionand simulation results, respectively. [2] 

 

Figure 9. Matlab Simulink model of super-capacitorregulated propulsion motor [2] 
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Figure 10. Simulation results [2] 

Simulation results represent super-capacitor voltage USC and current IL dependence on load 

current Iload and give an insight into the output powerquality. It can be noticed that the the 

super-capacitor is charged during the period of a low load current and discharged during the 

period of high load current. Dynamic load variation was set as sinusoidal function with values 

between 0,5 MW and 1,5 MW and a period of 5 s. The output power Pload follows the 

reference power Pref practically without deviation. In the same time input power is limited to 

the available power signal of 1 MW maximum and about constant.  Adding the fast-acting 

energy storage super-capacitorsdoesn't significantly effect the frequency converters output 

characteristics, therefor it can be easily implemented into existing electric propulsion 

systems.It can provide a higher level of independency between  the power drawn for the 

network and variations in thruster load. Even with load variations, the network power remains 

limited and practically constant, which adds to the safety, economical and environmental 

benefits of the propulsion system designed in this way. 

However,specific limitations in some practical uses should be further considered, especially 

in electric propulsion systems with ongoing rapid load variations, where the super-capacitors 

would be charging and discharging practically all of the time, like in the example given in 

simulation results. While the super-capacitor as a short-term energy storage improves power 

quality by limiting its fluctuations and maximum value and lowers the energy production 

costs, its usage as a long-term energy storage is still not researched enough. Focus should be 

on the super-capacitor costs in terms of energy, for they have disadvantages regarding low 

specific energy, disability of using the full energy spectrum and low cell voltage, which could 

impose the need for serial connections. Super-capacitor posses relatively high cost per watt-

hour. [9] 

6. Simulation of power generation and electric propulsion system (PGAEPS) 

Constant increase in electric propulsion power demands and therefor a larger amount of that 

power that can't be used in other ship's electric power systems imply the future ships design as 

the all-electric ships with an integrated power system. An integrated power system would 

include and combine all electric systems: power generation system, distribution system, 

energy consumption, energy storage and power control systems. The simulation of electric 
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propulsion machines can be expanded to include both power generation and the electric 

propulsion system,which can, ultimately, help designers achieve higher efficiency and greater 

stability of the whole integrated power system, as it was exposed in [8]. Figure 11. shows 

Matlab Simulink model of PGAEPS introduced in [8]. 

 
 

Figure 11. Matlab Simulink model of PGAEPS[8] 

 

In power generation subsystem part of the model prime mover and governor are presented as 

turbine and governor block, generatoras a synchronous machine block, exciter as an excitation 

system block, stabilizer as an generic power stabilizer block, transformer as a three-phase 

transformer block. The regulation part of power generation subsystem consists of voltage 

regulation, which is implemented in the Matlab Simulink model as a swing bus generator set 

up, and turbine speed regulation, which is implemented in the model as a regulation loop. In 

electric propulsion subsystem part rectifier is presented as an universal bridge block with 

diodes, PWM inverter as an universal bridge block with IGBTs and diodes, motor as a motor 

block, while the propeller,ship-speed dynamics and external forces are modeled as a three-

phase parallel RLC load. The regulation part of electric propulsion subsystem consists of 

motor controller, which is implemented in the model as a voltage regulation loop.  

 

Figure 12. Output voltage of the PWM inverter [8] 

Matlab Simulink, like other simulation programs, makes it possible to display any metrics of 

interest, which can enable easier implementation of changes in the initial design. Among all 
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electrical elements behaviors considered in this simulation, quality of PWM converter output 

characteristics is presented through the output voltage of the PWM inverter, shown in Figure 

12., which is of sinusoidal shape with a little distortion and satisfying to the electric 

propulsion load demands. The PWM converter output voltage and, at the same time, output 

power quality can always be additionally improved by more sophisticated control design. 

7. Conclusion 

Three most commonly used types of converters used as motor drives for AC motor electric propulsion 

were presented in this paper: cyclo-converters, PWM converters and synchro-converters.What is the 

best solution? Each of the three types has its advantages and disadvantages. While the synchro-

converter was proven as the simplest and the cheapest, being consisted only of uncontrolled diode 

rectifier, DC link and diode inverter, with a possibility for easy monitoring, and low THD, it has its 

specific limitations. The main limitation of a synchro-converter is the disability to be implemented in 

the electric propulsion systems with any other type of machine rather than the synchronous motor and 

is additionally limited only to slow speed motors. 

The cyclo-converter was proven to be the most complicated, being consisted of three 12-switch 

thyristor bridges, and therefor also the most expensive, because of the need for 36 thyristors and often 

also for a transformator or motor-generator pair for supply. Its advantages are the omission of 

reduction gear and the fact that it can be used as a drive for middle and high power rated propulsion 

motors, although only for slow speed. 

The PWM converters can be used for all electrical machine types and have no problem with driving 

high speed motors, although only low rated power ones, which makes them the most interesting of all 

of the three types of converters considered. They have the ability of easy filtering of harmonics. The 

cost and the complexity of the PWM converter, being consisted of uncontrolled diode rectifier, 

capacitor and the PWM driven IGBT transistor inverter, is much less challenging than of the cyclo- 

converter and more challenging synchro-converter. 
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