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Abstract: Electric propulsion ships are frequently subject to fluctuations in the generator output voltage and current due to load vari-

ations from unpredictable environmental changes, including those of the maritime environment. The variation in the generator output 

affects the detection of the phase angle of the supply voltage, which is a key factor in the control of the active front end (AFE) rectifier 

of an electric propulsion system. In this study, an improved supply voltage phase-angle controller was proposed and applied to accu-

rately detect the supply voltage phase angle required for the control of the AFE rectifier. The controller can be applied even under 

fluctuations in the output voltages of the generator owing to various circumstances that may arise in the electric propulsion ship. To 

demonstrate the effectiveness of the proposed improved supply voltage phase-angle controller, an irregular waveform with harmonics 

and zero-crossing in the output voltage of the generator was arbitrarily generated and inserted into the phase-angle detector. The pro-

posed supply voltage phase-angle controller promoted a remarkable improvement in the phase-angle detection performance compared 

with that of the zero-crossing technique, a conventional method of phase-angle detection, even under irregular variations in the output 

voltage of the generator. 
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1. Introduction
In line with the strict environmental regulations of the Interna-

tional Maritime Organization (IMO), various types of technolo-

gies focused on environmental protection have been developed 

and applied. Among these technologies, the generation system of 

a four-stroke dual-fuel engine using gas generated by natural va-

porization during the operation of a liquefied natural gas (LNG) 

carrier has been developed as a major propulsion method for 

electric propulsion ships.  

In recent years, dual fuel technology using LNG as fuel has 

also been applied to large two-stroke engines, and the total num-

ber of orders for electric propulsion ships has decreased. How-

ever, when special types of propulsion performance are required, 

such as ice breakers and LNG carriers, an electric propulsion sys-

tem is preferred. 

In the case of large commercial vessels with electric propul-

sion systems, power is supplied through a four-stroke dual-fuel 

generator, and a power conversion unit is used to control the 

speed of the propulsion motor in an alternating current (AC) 

power system. The power conversion unit is composed of a rec-

tifier, direct current (DC) link terminals, and an inverter. The per-

formance improvement of the components constituting the power 

conversion unit is directly related to the efficiency of the electric 

propulsion system. 

The rectification system of the electric propulsion system for 

vessels is largely categorized into diode front end (DFE) rectifi-

ers employing diode elements and active front end (AFE) rectifi-

ers using power semiconductors. In the case of DFE rectifiers, 

DC output waveforms are generated in the form of 6, 12, and 18 

pulses, and at this time, the input power factor decreases owing 

to the harmonic distortion. To resolve this problem, a high-ca-

pacity passive filter and phase-shifting transformer are installed. 

In the case of AFE rectifiers, it is possible to maintain a sine 

wave input current by using power semiconductors capable of 

high-speed switching. Thus, the installation of a passive filter or 

phase-shifting transformer is not required compared with the case 

of DFE rectifiers, which is advantageous in terms of cost and 

space required. AFE rectifiers have not been fully applied to 

large-scale electric propulsion ships owing to their capacity lim-

itations. However, recent developments in power semiconductor 

technology have enabled the application of AFE rectifiers in 

large-sized electric propulsion ships[1].  

As the AFE rectifier measures and controls the phase angle of 

the input voltage, accurate measurements are important. 
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Although the zero-crossing technique has been commonly used 

for phase-angle measurement, the corresponding accuracy in the 

control of the rectifier is reduced when a voltage variation of the 

generator occurs owing to a sudden load change[2]. 

In this study, we propose an AFE rectifier with the application 

of an improved supply voltage phase-control technique that can 

accurately detect the phase angle of the rectifier even with sudden 

load variations. In addition, the phase angles were compared ac-

cording to the conditions of the supply voltage variation, and the 

improvements provided by the phase-angle detector method for 

each condition were verified. 

2. Electric Propulsion System Rectifiers
2.1 Overview of electric propulsion systems 

The electric propulsion system obtains the output power nec-

essary for the sailing of a ship by converting the high-speed low-

torque energy of a prime mover into low-speed and high-torque 

energy to rotate the propeller. The system has been mainly used 

for special-purpose vessels, such as naval ships and cruise ships, 

from the early development stage to the present day. Since the 

2000s, electric propulsion systems have been applied to large 

ships because of the improvement in performance and efficiency 

of the power conversion unit[3]. In recent years, with the devel-

opment and optimization of control systems, their advantages 

have gained increasing attention. In addition, compared with tra-

ditional diesel engine ships, electric propulsion ships have sev-

eral advantages, such as reduction of air pollutants, reduction of 

hull vibration and noise, and excellent maneuverability and brak-

ing ability. 

Figure 1: Block diagram of Electric Propulsion System 

The electric propulsion system drives a generator with a prime 

mover, and the generated electric energy is supplied to a propul-

sion motor for ship propulsion. It is primarily composed of a 

prime mover, generator, power conversion unit, and propulsion 

motor, as shown in Figure 1[4]. The three-phase AC power gen-

erated by the generator is converted to DC in the rectifier of the 

power conversion unit and then converted into AC with a suitable 

frequency for the target RPM of the propulsion motor in the in-

verter and supplied to the propulsion motor. Synchronous or in-

duction motors are used as propulsion motors.

The prime mover generally uses a four-stroke diesel engine, 

and a blushless synchronous generator is mainly used as the gen-

erator connected to the prime mover and shaft. The power con-

version unit uses a power semiconductor switch for power con-

version and flow control, and it is divided into AC-AC, AC-DC, 

DC-AC, and DC-DC conversion depending on the type of power 

converted. Compared with the conventional main engine of the 

mechanical propulsion type, the propulsion motor generates less 

vibration and noise and has high efficiency with excellent ma-

neuverability and quick responses[5]. However, DC motors with 

complex structures and difficult maintenance have rarely been 

used, and induction and synchronous motors are mainly em-

ployed as propulsion motors. 

2.2 DFE rectifier 
Figure 2 shows a block diagram of the electric propulsion sys-

tem with a DFE rectifier. In this system, after converting the AC 

power generated by the three-phase AC generator to DC using a 

phase-shifting transformer and a diode rectifier, an inverter for 

frequency control capable of speed control is applied[6]. The di-

ode rectifier has a simple circuit configuration, but it is directly 

connected to the power input terminal, which leads to an increase 

in the total harmonic distortion (THD) of the input current. The 

increase in THD generates harmonics, which adversely affect the 

entire power system of the ship and may cause failure of various 

electrical and electronic equipment.  

Figure 2: Block diagram of DFE rectifier topology 

To resolve this problem, a phase-shifting transformer is in-

stalled before the rectifier or passive filter is installed to increase 

the number of pulses to reduce harmonics, as shown in Figure 2 

[7]. With the DFE rectifier method, the THD is large, in the range 

of 25–30 %, owing to harmonics of the 5th, 7th, 11th, and 13th 
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orders or higher included in the input current. This does not sat-

isfy the reference range of the IEEE Standard 519-2014 that spec-

ifies the values of THD as outlined in Table 1, which causes se-

rious deterioration of the overall quality of the power system of 

the ship [8]. 

Table 1: Voltage distortion limits 

Bus voltage E at PCC Individual 
harmonic(%) 

Total harmonic 
distortion 
THD(%) 

E ≤ 1.0kV 5.0 8.0 
1kV < E ≤ 69kV 3.0 5.0 

69kV < E ≤ 161kV 1.5 2.5 
161kV < E 1.0 1.5 

2.3 AFE rectifier 
The AFE rectifier method converts the three-phase AC power 

produced by the generator into DC through active control, and 

uses IGBT, MOSFET, and GTO, which are power switches that 

can control the ON/OFF state, for the control of the rectifier. 

With this method, the input current on the power supply side can 

be maintained close to a sine wave, which has the advantage of 

improving the THD compared with the DFE topology. Figure 3 

shows a block diagram of the electric propulsion system with an 

AFE rectifier. As this system does not require harmonic elimina-

tion, there is no need to install a phase-shifting transformer, as 

required in the DFE topology. This leads to advantages such as 

improvement of the overall system power efficiency and simpli-

fication of the installation space in the engine room. However, 

the AFE topology has disadvantages in terms of power loss dur-

ing the ON/OFF control of the power switch and the fact that it 

is more costly and requires maintenance compared with the DFE 

rectifier method[9]. 

Figure 3: Block diagram of AFE topology 

3. Mathematical Modeling of AFE Rectifier
Figure 4 shows the basic circuit diagram of the AFE three-phase 

rectifier. The AFE rectifier consists of three terminals and six 

switches, and the AC powers 𝑒𝑒𝑎𝑎, 𝑒𝑒𝑏𝑏 ,and 𝑒𝑒𝑐𝑐  maintain the three-

phase equilibrium. In addition, inductors 𝐿𝐿1, 𝐿𝐿2, and 𝐿𝐿3 installed 

on the power output side are used to control the magnitude of AC 

currents 𝑖𝑖𝑎𝑎  , 𝑖𝑖𝑏𝑏 , and 𝑖𝑖𝑐𝑐  at power conversion, and the capacitor 

“C”on the output side of the rectifier is installed for stable DC 

voltage output of the DC-link terminal even under rapid varia-

tions in the voltage[10]. 

Figure 4: Circuit diagram of AFE rectifier 

The equations for the sum of the phase voltage and phase cur-

rent of the three-phase AC power are expressed as follows: 

 𝑒𝑒𝑎𝑎 +  𝑒𝑒𝑏𝑏 + 𝑒𝑒𝑐𝑐 = 0     (1) 

 𝑖𝑖𝑎𝑎 +  𝑖𝑖𝑏𝑏 +  𝑖𝑖𝑐𝑐 = 0  (2) 

where 𝑒𝑒𝑎𝑎, 𝑒𝑒𝑏𝑏, and 𝑒𝑒𝑐𝑐 denote the supply voltages of the a, b, and c 

phases, respectively, and 𝑖𝑖𝑎𝑎 , 𝑖𝑖𝑏𝑏 , and 𝑖𝑖𝑐𝑐  denote the respective 

phase currents. 

The voltage equations of the AFE rectifier in each phase are as 

follows: 

𝑒𝑒𝑎𝑎 = R𝑖𝑖𝑎𝑎 + 𝐿𝐿 𝑑𝑑𝑖𝑖𝑎𝑎
𝑑𝑑𝑑𝑑

+ 𝑉𝑉𝑎𝑎    (3) 

𝑒𝑒𝑏𝑏 = R𝑖𝑖𝑏𝑏 + 𝐿𝐿 𝑑𝑑𝑖𝑖𝑏𝑏
𝑑𝑑𝑑𝑑

+ 𝑉𝑉𝑏𝑏      (4) 

𝑒𝑒𝑐𝑐 = R𝑖𝑖𝑐𝑐 + 𝐿𝐿 𝑑𝑑𝑖𝑖𝑐𝑐
𝑑𝑑𝑑𝑑

+ 𝑉𝑉𝑐𝑐        (5) 

where 𝑉𝑉𝑎𝑎, 𝑉𝑉𝑏𝑏, and 𝑉𝑉𝑐𝑐  are the input voltages of the rectifier. 

As the voltage equation of the AFE rectifier is expressed as 

three-phase AC values with a continuous change in the values of 

voltage and current over time, the rectifier control becomes com-

plicated. If the three-phase AC power can be expressed by coor-

dinate transformation with respect to an arbitrary reference axis, 

the voltage equation can be converted into an equation with a 

constant DC value, thereby simplifying the control of the rectifier 
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and improving the accuracy of the control. In the improved sup-

ply voltage phase-angle controller proposed in this study, the 

three-phase axes a, b, and c are converted into the stationary α −

β axis, and the coordinate transformation is performed on the d −

q axis of the synchronous rotating coordinates.

Figure 5: Transformation of stationary axes a, b, and c to the 

stationary α − β axis 

In the axis transformation process to the stationary α − β axis 

shown in Figure 5, the phase variable 𝑓𝑓𝑎𝑎 for an arbitrary time can 

be represented as the sum of 𝑓𝑓𝑎𝑎 cos𝜃𝜃  , the α-axis component, 

𝑓𝑓𝑏𝑏 sin𝜃𝜃, and the β-axis component. Then, if phases b and c are 

expressed as a matrix as with the a phase, the three-phase varia-

ble is transformed into a stationary α − β component. When we 

set θ = 0° to match axes α and β, neglecting the zero sequence, 

we obtain Equation (6) as follows: 

   (6) 

After the transformation of the three-phase axes a, b, and c to 

the stationary α − β axis using Equation (6), the voltage equa-

tions are presented as shown in Equations (7) and (8) as follows: 

𝑒𝑒𝑎𝑎 = R𝑖𝑖𝑎𝑎 + 𝐿𝐿 𝑑𝑑𝑖𝑖𝑎𝑎
𝑑𝑑𝑑𝑑

+  𝑉𝑉𝑎𝑎     (7) 

𝑒𝑒𝛽𝛽 = R𝑖𝑖𝛽𝛽 + 𝐿𝐿 𝑑𝑑𝑖𝑖𝛽𝛽
𝑑𝑑𝑑𝑑

+ 𝑉𝑉𝛽𝛽     (8) 

In addition, the transformation of the stationary α − β  axis 

component to the d − qaxes on the synchronous rotating coordi-

nates can be represented as shown in Figure 6, and the values can 

be represented as the values of the synchronous rotating coordi-

nates. 

Figure 6: Transformation of stationary α − β axis to rotating 

d − q axis 

Equations (9) and (10) are voltage equations converted from 

those of the stationary α − β axis to the synchronous rotating 

d − q axis. Through the coordinate transformation process, the 

three-phase AC values that continuously change over time can be 

converted into two easy-to-control DC values, and the d − q axis 

value obtained by transformation to synchronous rotating coor-

dinates is used to control the AFE rectifier.

𝑒𝑒𝑑𝑑 = R𝑖𝑖𝑑𝑑 + 𝐿𝐿 𝑑𝑑𝑖𝑖𝑑𝑑
𝑑𝑑𝑑𝑑

+  ωL𝑖𝑖𝑞𝑞  + 𝑉𝑉𝑑𝑑      (9) 

𝑒𝑒𝑞𝑞 = R𝑖𝑖𝑞𝑞 + 𝐿𝐿 𝑑𝑑𝑖𝑖𝑞𝑞
𝑑𝑑𝑑𝑑

+  ωL𝑖𝑖𝑑𝑑  + 𝑉𝑉𝑞𝑞     (10) 

4. Comparison of the Different Phase-Angle De-

tector Methods for the AFE Rectifier 
4.1 Conventional phase-angle detector method for the AFE 

rectifier 
In the conventional method with AFE rectifiers, a zero-cross-

ing technique is used to derive the phase angle for the control. As 

shown in Figure 7, the zero-crossing technique measures the 

power supply voltage and finds the zeroes that occur at each half 

cycle to detect the current phase-angle θ. 

Figure 7: Block diagram of zero crossing 
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To obtain the phase angle, as shown in Figure 8, the point at 

which the supply voltage of a phase changes from positive to 

negative is set as the reference angle 0° to obtain the phase angle 

θ for the control. In addition, through the coordinate transfor-

mation from the three-phase voltages 𝑒𝑒𝑎𝑎, 𝑒𝑒𝑏𝑏 , and 𝑒𝑒𝑐𝑐  to the sta-

tionary α − β axis to obtain 𝑒𝑒𝑎𝑎and 𝑒𝑒𝑏𝑏, the required phase-angle 

θ can be directly obtained.

Figure 8: Relationship between the supply voltage and phase an-

gle of the zero-crossing technique 

The zero-crossing technique enables simple acquisition of the 

phase angle for controlling the rectifier; however, as the voltage 

and current outputs from the generator are subjected to frequent 

variations due to sudden changes in the load from various envi-

ronmental factors, such as water depth, draft, speed, and wind on 

the ship, there are cases in which the output waveform of the sup-

ply voltage has an irregular shape. When this irregular shape is 

supplied to the input of the phase-angle detector, an error occurs 

in the detected phase angle, which affects the control of the rec-

tifier. 

4.2 Proposed phase-angle detector method of the AFE rec-

tifier  
In AFE rectifiers, for coordinate transformation into the d − q 

axis and to obtain the current reference value that is in phase with 

the phase of the supply voltage, accurate detection of the phase-

angle θ is essential. Figure 9 shows a block diagram indicating 

the configuration of the supply voltage phase-angle controller to 

obtain the phase-angle θ . The controller performs coordinate 

transformation of the three-phase AC supply voltage to the sta-

tionary α − β  axis and then to the synchronous rotating 

coordinate d − q  axis to obtain 𝑒𝑒𝑑𝑑  and 𝑒𝑒𝑞𝑞 , the voltages with 

easy-to-control DC values; 𝑒𝑒𝑑𝑑 and 𝑒𝑒𝑞𝑞 are arbitrarily set to be the 

active and reactive power components, respectively, and the con-

trol is performed such that the value of the reactive power com-

ponent 𝑒𝑒𝑞𝑞 becomes 0. 

Figure 9: Block diagram of the proposed reference supply 

 𝑃𝑃𝑠𝑠 in Equation (11) represents the active power supplied by the 

power supply unit. 

𝑃𝑃𝑠𝑠 =  𝑒𝑒𝑎𝑎𝑖𝑖𝑎𝑎 + 𝑒𝑒𝑏𝑏𝑖𝑖𝑏𝑏 + 𝑒𝑒𝑐𝑐𝑖𝑖𝑐𝑐 = 3
2

(𝑒𝑒𝑑𝑑𝑖𝑖𝑑𝑑 + 𝑒𝑒𝑞𝑞𝑖𝑖𝑞𝑞) = 3
2
𝑒𝑒𝑑𝑑𝑖𝑖𝑑𝑑    (11) 

In Equation (11), as the 𝑒𝑒𝑞𝑞 voltage is controlled to be 0, the 

power is only affected by 𝑒𝑒𝑑𝑑, which represents the d-axis voltage. 

In addition, as the q-axis voltage has no effect on the power, the 

supply power becomes 𝑃𝑃𝑠𝑠 = 3
2

(𝑒𝑒𝑑𝑑𝑖𝑖𝑑𝑑).

Therefore, when all active power components are set to be on 

the d axis and the voltage on the q axis is controlled to be 0, the 

actual phase-angle θ becomes equal to the imaginary phase-an-

gle θ^, thereby obtaining an accurate phase-angle θ. If the phase 

angle is detected by constructing the supply voltage phase-angle 

controller based on this principle, the synchronous rotating q-

axis voltage of the controller can always be controlled to be 0, 

even in an irregular supply voltage waveform with harmonics or 

noise, and an accurate supply voltage phase-angle θ can be ob-

tained. 

5. Simulation for Verification of the Proposed

AFE rectifier 
To demonstrate the effectiveness of the improved supply volt-

age phase-angle detector proposed in this study, a waveform with 

instantaneous zero-point noise and harmonics was supplied to the 

supply voltage output from the generator, and the change in the 

phase-angle θ derived from the phase-angle detector and the re-

sulting waveform output of the DC link voltage were analyzed 

using simulation. The values of the system parameters used in 

the simulation are listed in Table 2. 
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Table 2: System parameters used in the simulation 

Parameter Value 

𝑒𝑒𝑠𝑠 690[V] 
L 250[μH] 
R 0.01[Ω] 
C 5000[㎌] 

𝑓𝑓𝑠𝑠𝑠𝑠 10[㎑] 

5.1 Simulation of the conventional phase-angle detector 

method of the AFE rectifier 
Figure 10 shows a diagram of the AFE rectifier with the ap-

plication of the zero-crossing phase-angle detector method, 

which is the conventional phase-angle detection method. In this 

method, the current phase-angle θ is detected by measuring the 

supply voltage and finding the zeroes that occur every half cycle.

Figure 10: Schematic diagram of AFE rectifier system with tra-

ditional AFE rectified with zero crossing 

(a) Input voltage 

(b) Theta 

(c) Voltage of DC_link 

Figure 11: Simulation responses of AFE rectifier with zero 

crossing 

5.1.1 Simulation with zero-point noise in the supply voltage 

Figure 11 shows the simulation results showing the detected 

phase angle and DC link voltage after the zero noise was inserted 

into the supply voltage at a time of 1 s. The results showed that 

the phase angle obtained by the zero-crossing technique was mo-

mentarily distorted in the 1-s section where the zero-point noise 

was generated, and the DC link voltage showed a variation in this 

section. 

5.1.2 Simulation responses of AFE rectifier with harmonics in 

the input supply voltage 

Figure 12 shows the simulation results showing the detected 

phase angle and DC link voltage after harmonics were inserted 

into the supply voltage at 1 to 1.1 s. The results indicate that the 

phase angle obtained by the zero-crossing technique was severely 

distorted in the section where the harmonics were generated, and 

the DC link voltage showed the voltage-hunting phenomenon in 

this section. 
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(c) Voltage of DC_link 

Figure 12: Simulation responses of AFE rectifier with zero 

crossing 

5.2 Simulation of the improved phase-angle detector 

method of the AFE rectifier 
Figure 13 shows a schematic diagram of the AFE rectifier 

control system with the application of the improved phase-angle 

detector proposed in this study. To verify the effectiveness of the 

proposed method over the conventional method using the meas-

ured supply voltage, a supply voltage waveform with zero-point 

noise, phase change, and harmonics was supplied to the input 

side of the phase-angle detector. The results were analyzed using 

a simulation. 

Figure 13: Schematic diagram of AFE rectifier system with pro-

posed topology control method 

(a) Input voltage 

(b) Theta 

(c) Voltage of DC_link 

Figure 14: Simulation responses of AFE rectifier with proposed 

control logic 

5.2.1 Simulation with generation of zero-point noise in the sup-

ply voltage 

Figure 14 shows the simulation results showing the detected 

phase angle and DC link voltage after zero noise was inserted 

into the supply voltage at 1 s. The results indicate that an accurate 

phase angle could be obtained without change even in the 1-s 

section, where the zero-point noise was generated using the pro-

posed phase-angle detector method in this section. The output of 

the DC link voltage also improved compared with that of the con-

ventional method. 
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(c) Voltage of DC_link 

Figure 15: Simulation responses of AFE rectifier with proposed 

control logic 

5.2.2 Simulation with harmonics in the supply voltage 

Figure 15 shows the simulation results, showing the detected 

phase angle and DC-link voltage after harmonics were inserted 

into the supply voltage at 1 to 1.1 s. The results indicate that an 

accurate phase angle could be obtained, even in the section where 

the harmonics were generated, with the application of the pro-

posed phase-angle detector method, in which a stable output of 

the DC link voltage was obtained compared with that of the con-

ventional method. 

6. Conclusions
In this study, considering the voltage output characteristics of 

an AFE rectifier for electric propulsion systems, the voltage out-

put obtained by applying the improved phase-angle detector 

method was compared to the output obtained by applying the 

conventional zero-crossing method.  

In the conventional method, the AFE rectifier detects the phase 

angle from the generator supply voltage and uses the phase angle 

to control the rectifier. However, for the generator output voltage 

of a ship, there are cases of instantaneous irregular waveform 

output due to various causes, such as load variations and switch-

ing of the power conversion unit, which leads to errors in the 

phase-angle measurement and instability in the control of the rec-

tifier. 

The improved supply-voltage phase-angle controller method 

proposed in this study performs the coordinate transformation 

from the stationary α − β axis to the d − q axis of the synchro-

nous rotating coordinates to obtain voltages 𝑒𝑒𝑑𝑑 and 𝑒𝑒𝑞𝑞, and 𝑒𝑒𝑑𝑑 is 

set as the active power component, whereas 𝑒𝑒𝑞𝑞 is arbitrarily set 

to be the reactive power component. Accurate measurement of 

the phase angle is possible with the proposed method by control-

ling the value of 𝑒𝑒𝑞𝑞 and maintaining the reactive power compo-

nent at 0. To prove the effectiveness of the proposed phase-angle 

detector, a simulation of supplying an irregular waveform with 

zero noise and harmonics injected to the AC power of the gener-

ator supplied to the detector was simulated. As a result of the 

simulation, when zero noise occurred, the peak-to-peak value of 

the noise generated in the DC output voltage of the DC link ter-

minal was reduced by 200 V compared with the conventional 

phase-angle detection method, and even when harmonics are in-

cluded, the DC output voltage is more stable than that of the ex-

isting method with the desired result. 
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