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Abstract: In the case of the electric propulsion system on the vessel, Diode Front End (DFE) rectifiers
have been applied for large-sized ships and Active Front End (AFE) rectifiers have been utilized for
small and medium-sized ships as a part of the system. In this paper, we design a large electric
propulsion ship system using AFE rectifier with the proposed phase angle detector and verify the
feasibility of the system by simulation. The phase angle derived from the proposed phase angle
detection method is applied to the control of the AFE rectifier instead of the zero-crossing method
used to detect the phase angle in the control of the conventional AFE rectifier. We compare and
analyze the speed control, Direct Current (DC)-link voltage, harmonic content and measurement
data of heat loss by inverter switch obtained from the simulation of the electric propulsion system
with the 24-pulse DFE rectifier, the conventional AFE rectifier, and the proposed AFE rectifier. As a
result of the simulation, it was confirmed that the proposed AFE rectifier derives a satisfactory result
similar to that of a 24-pulse DFE rectifier with a phase shifting transformer installed according to
the speed load of the ship, and it can be designed and applied as a rectifier of a large-sized vessel.
Keywords: electric propulsion system; DFE rectifier; AFE rectifier; phase angle detector

1. Introduction
As environmental pollution has become a global issue, the International Maritime Organization
(IMO) has been strengthening regulations on emissions of sulfur oxides, nitrogen oxides, and carbon
dioxide from ships [1,2]. As a result of that various researches are being carried out in order to cope
with environmental regulations that are strengthening internationally in the shipbuilding and
shipping industries [3]. Moreover, the electric propulsion system of vessels with propulsion motors
is also one of emerging countermeasures [4–7]. As shown in Figure 1, the order of environmentally
friendly electric propulsion ship is dramatically increased on 2017 World Fleet Resister by Clarkson’s
Research [8].
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Figure 1. Annual ship newbuilding contracts.

The components of the conventional large-sized electric propulsion ship are generally composed
of generator, DFE rectifier with phase shifting transformer, inverter and propulsion motor, and it is
possible to design the size of the engine room with some margin [9–11]. In an electric propulsion ship,
when the switching of inverters occurs, a harmonic current is generated in a power system [12]. Thus,
large and small problems occur in the generator, transformer, and propulsion motor. Various
methods for reducing harmonics have been studied. In the case of large electric propulsion systems,
phase shifting transformer has been adopted as the most common method of installing a transformer
on the output side of a generator [3,13]. There are various methods of harmonics reduction of the
DFE rectifier using a phase shifting transformer, such as multi-pulse of the rectifier output [14–16],
active filter installation [17], and improvement of the transformer connection method [18–20].
However, when the phase shifting transformer is installed, there is a disadvantage as installation
space and cost increase. Moreover, it is difficult to apply it to a small and medium-sized ship with
limited space. AFE rectifiers have been mainly applied to small and medium-sized electric propulsion
ships [21,22], but recently, as the technologies of power semiconductors with high capacity and high
speed switching characteristics have been developed, so that it is possible to model a large-sized
electric propulsion system using AFE rectifier [23]. The AFE rectifier must be designed with a control
circuit that can control the semiconductor switch, and it is especially necessary to accurately detect
the phase angle of the power supply voltage. Zero crossing technique that can detect the phase angle
quickly is simple and has no special control method [24–27]. However, due to the fluctuation of
generator output voltage in case of high load, such as propulsion motor or bow thruster. The
detection of the phase angle may not be performed momentarily. Various methods have been studied
to overcome the severe disadvantage of this zero-crossing technique.
In large-sized commercial vessels, it is crucial to secure the space for cargo transportation as
much as possible [3,9]. However, to reduce the harmonics contained in the ship power system, the
DFE rectifiers with large-sized phase shifting transformer have a disadvantage to load cargo. And
the AFE rectifier using the existing zero-crossing technique also has various problems [28,29].
In this paper, an AFE rectifier using the Phase Locked Loop (PLL) method is applied to a large
electric propulsion system instead of the phase angle detection method using the zero-crossing
method [30–33]. We used the power analysis program, Power Simulation (PSIM), to model an AFE
rectifier that uses the PLL method. Comparison simulations were performed for large-scale electric
propulsion systems with the conventional DFE as well as proposed AFE rectifiers. Based on this
simulation, the resulting speed of the propulsion motor, DC output of the DC link, and harmonic
output characteristics of the input power supply were analyzed based on the type of rectification. In
addition, the thermal loss in the switching element, which is present in the inverter when AFE
rectifiers are used, as well as its stability, were evaluated. Based on these results, the characteristics
of the DFE and AFE rectifiers in a large-scale electric propulsion system were compared to confirm
the higher effectiveness of using the PLL-method-based AFE rectifiers in large-scale electric
propulsion systems compared with the use of conventional DFE rectifiers.
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2. Conventional Methods for Marine Electrical Prolusion Systems
2.1. Background
The DFE rectifier with a phase shifting transformer is mostly used for high-power drives, such
as the motors, fans, and compressors installed in the large plant in the industrial field [34]. Thanks to
its long history of operation with know-how and track records accumulated in the industrial field, it
was proved that stable operation would be possible. Therefore, the same high-power drive system of
the existing industrial field has been applied in the early large electric propulsion system [6].
As mentioned in the previous section, thus far, large-scale electric propulsion systems have
primarily consisted of a generator, phase shifting transformer, DFE rectifier, inverter, and propulsion
motor [35]. The generators that supply power to the large-scale electric propulsion systems are
typically brushless synchronous generators that can generate high voltages, such as 3300 V or 6600
V. To reduce the detrimental effects of the aforementioned harmonics produced in these power
systems, including on the voltage and current of the generator, and to improve the output waveform
of the rectified DC current, a phase shifting transformer is installed before the DFE rectifier [36,37].
Furthermore, to control the speed of the propulsion motor, an inverter which can control voltage and
frequency is installed. Induction motors are often used as propulsion motors because it is easy to
control the torque and speed of such motors. In addition, their maintenance is simple [38,39]. Figure
2 shows the schematic diagram of a large-scale electric propulsion system.

Figure 2. Schematic diagram of a large-scale electric propulsion system.

Although contributing to decreasing the total harmonics distortion, the DFE rectifier with the
transformer is subject to the increase of volume and weight for the system as well as the design
complexity for the phase shifting transformer to obtain a linear DC waveform by increasing the
number of pulses. For example, Figure 3 shows the electric drawing of the electric propulsion system
of ‘A’ company with a 24-pulse rectifier. Table 1 shows the comparison when an AFE rectifier is
installed instead of a 24-pulse rectifier [40]. The total volume and weight of the system will be
increased inevitably. Figure 4 shows the actual application of the transformer installed on the ship.
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Figure 3. Typical configuration for a twin skeg electric propulsion ship.
Table 1. Comparison of AFE rectifier vs. 24-pulse rectifier.
Component
Propulsion Motor
Phase Shifting Transformer
Rectifier
Inverter
Total Weight

24-Pulse DFE Rectifier
2 pcs
41,679 kg × 2 = 83,358kg
4 pcs
11,940 kg × 4 = 47,760kg
8pcs
4730 kg × 8 = 37,840kg
4 pcs
3760 kg × 4 = 15,040kg
183,998 kg

AFE Rectifier
2 pcs
41,679 kg × 2 = 83,358 kg
4pcs
3760 kg × 4 = 15,040 kg
4 pcs
3,760 kg × 4 = 15,040 kg
113,438 kg

Figure 4. Phase shifting transformer installed on large-scale electric propulsion system.
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2.2. DFE Rectification Method in Large-Scale Electric Propulsion Systems
Electric propulsion systems require the AC current generated by the generator to be converted
into DC current. The conventional method involves the use of a DFE rectifier that employs a diode
element to generate 6-pulses. However, as shown in Table 2 below, 6-pulse rectifiers lead to high
harmonic distortion so that it cannot suit ship application. In order to reduce the harmonic distortion,
as shown in Figure 3, a typical electric propulsion system maker chooses the phase shifting
transformer to reduce the level of harmonics distortion by making 12-pulse, 24-pulse DC output
[14,15]. Therefore, taking into account the harmonics distortion in the existing electric propulsion
system, complex structures of phase shifting transformer have been applied with a number of DFE
rectifiers. As a result, not only does the initial installation cost increase but also the volume and
weight of the system [35].
Table 2. Total harmonic distortion for type of rectifier.

Rectifier Type

Total Harmonic Distortion (THD)

6-Pulse

25~27%

12-Pulse

8~11%

18-Pulse

4~5%

24-Pulse

2~3%

AFE

4~5%

Consequently, the overall efficiency of the system is reduced because of this decrease in the input
power factor, as well as the severely distorted waveforms, owing to the DC output in a pulse form
[41]. To resolve these problems, a high-capacity passive filter and phase shifting transformer must be
installed, which, in turn, have their own drawbacks in that they considerably increase the overall
system size and installation costs associated with the system [9].
2.2.1. 12-Pulse Rectifier
One rectification method for improving the harmonic characteristics of the output of the power
supply is to install a phase shifting transformer before the DFE rectifier to produce DC waveforms
with 12-pulses in each cycle [15]. Figure 5 shows the block diagram of a DFE-style 12-pulse rectifier
that uses a phase shifting transformer. The connections on the transformer’s secondary side consist
of Y-Y and Y-D connections. The phase shift angle for creating 12-pulses per cycle is 30° between each
phase, as indicated by Equation (1).

(a) Block diagram of 12-pulse DFE rectifier.
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(b) Current and DC link Voltage of 12-pulse rectifier.
Figure 5. Block diagram and Waveforms of a DFE-style 12-pulse rectifier.

∆= ∠eab − ∠eAB = 30°

(1)

here, ∆ is the phase shift angle, ∠𝑒𝑎𝑏 is the line voltage of the primary side of the rectifier, and ∠𝑒𝐴𝐵
is the line voltage of the secondary side of the rectifier.
Thus, in this case, for the 12-pulse DC waveforms that occur during one cycle, there is a 30°
difference in the phases of the Y and D connections on the secondary side of the phase shifting
transformer. In addition, there is a 30° difference in the phases of the 6-pulse DC waveforms
generated by each unit, which produce a 12-pulse-per-cycle DC waveform in the DC link unit. In
terms of the total harmonic distortion in the DC output waveform of the 12-pulse rectifier, the fifth
order and seventh order harmonics are entirely eliminated, and only the harmonics that are 11th
order and above remain. Thus, the rectifier effectively reduces the harmonic characteristics more
effectively compared with a 6-pulse rectifier.
2.2.2. 24-Pulse Rectifier
A 24-pulse rectifier uses a zig-zag-shaped phase shifting transformer to create 24-pulse
waveforms per cycle. Compared with the 12-pulse rectification method described above, this rectifier
can produce better DC voltage waveforms and reduce harmonics more effectively. Figure 6 shows a
block diagram of the 24-pulse rectifier. The phase shift angle of the phase shifting transformer, in this
case, can be expressed via Equation (2) specified below, in particular, there is a phase difference of
15°.
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(a) Block diagram of 24-pulse DFE rectifier.

(b) Current and DC link Voltage of 24-pulse rectifier.
Figure 6. Block diagram and Waveforms of a 24-pulse rectifier.

∆= ∠𝑒𝑎𝑏 − ∠𝑒𝐴𝐵 = 15°

(2)

here, ∆ is the phase shift angle, ∠𝑒𝑎𝑏 is the line voltage of the primary side, and ∠𝑒𝐴𝐵 is the line
voltage of the secondary side.
Considering the total harmonic distortion in the output waveforms generated by the 24-pulse
rectifier, all lower-order harmonics below the 19th order are eliminated. Therefore, the 24-pulse
rectifier has significantly better harmonic output characteristics than those of the 12-pulse rectifier.
In addition, because the waveforms of the DC link unit include 24-pulses per cycle, this leads to a
voltage waveform that is considerably similar to DC voltage.
2.3. AFE Rectification Method in Large-Scale Electric Propulsion Systems
The AFE rectifier uses semiconductor-based technologies, such as Insulated Gate Bipolar
Transistor (IGBTs), Integrated Gate Commutated Thyristor (IGCTs), and Metal Oxide Semiconductor
Field Effect Transistor (MOSFETs), among others, which can turn power semiconductor elements off
and on as required. Based on the control style of the semiconductor element, power conversion may
be realized automatically. In particular, a fixed DC output voltage can be maintained even if the load
changes. Thus far, AFE rectifiers have been primarily used in small- to mid-sized electric propulsion
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systems on ships owing to the limited capacities of the power semiconductor elements in these
rectifiers [42].
The AFE rectifier must continuously measure the supply voltage to control the rectifier. As
shown in Figure 7, the error of phase angle, which is crucial for the control of the rectifier, occurs
momentarily due to the deterioration of the voltage quality, such as harmonics and noise included in
the supply voltage.

Figure 7. An example of phase angle error.

As shown in Figure 8, the form of the AFE rectifier is the same as that of an inverter that converts
DC current to AC current. The AFE rectifier consists of a total of three units and six power
semiconductor switches. In addition, it includes an inductor that controls the input current of the
power supply, as well as a capacitor that maintains a fixed DC output voltage.

Figure 8. Block diagram of an AFE rectifier.

Equation (3) is the voltage equation of the AFE rectifier.
𝑒𝑎𝑏𝑐 = 𝑅𝑖𝑎𝑏𝑐 + 𝐿

𝑑𝑖𝑎𝑏𝑐
+ 𝑉𝑎𝑏𝑐
𝑑𝑡

(3)

here, 𝑒𝑎𝑏𝑐 is the three-phase power supply voltage, 𝑖𝑎𝑏𝑐 is the phase current, and 𝑉𝑎𝑏𝑐 is the input
side voltage of the rectifier.
The AFE rectifier controls the level and phase of the AC input current, 𝑖𝑠 , while performing the
power conversion. The AFE rectifier must control the level of the voltage that is applied to the
inductor on the input side. In particular, 𝑖𝑠 is controlled by controlling the input voltage of the
rectifier, i.e., 𝑉𝑟𝑒𝑐 . Figure 9 shows the equivalent circuit for an AFE rectifier. The voltage 𝑉𝐿 that is
applied to the inductor can be obtained using Equations (4) and (5).
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Figure 9. Equivalent circuit of the AFE equivalent circuit.

𝑒𝑠 = 𝑉𝑅𝑒𝑐 + 𝑉𝐿

(4)

𝑉𝐿 = 𝜔𝐿𝑖𝑠

(5)

here, 𝑒𝑠 is the AC input to the power supply, 𝑉𝐿 is the inductor voltage, and 𝑉𝑟𝑒𝑐 is the rectifier input
voltage.
In order to control the AFE rectifier, it is necessary to find the d-q axis coordinate and current
reference values that are in phase with the power supply voltage. To find these values, it is necessary
to find the phase angle θ. In the conventional AFE rectifiers, the zero-crossing technique is used to
find the phase angle θ for control. The zero-crossing technique involves measuring the power
supply voltage and finding the 0 values that occur at each half cycle to estimate the current phase
angle θ. Figure 10 shows the block diagram of a phase angle detector that uses the zero-crossing
technique.

Figure 10. Phase angle detector using the zero-crossing technique.

In particular, to find the phase angle, the moment when the power supply voltage changes from
negative to positive can be set as the standard angle 0°, as depicted in Figure 11 Alternatively, the
three-phase AC power supply values can be converted to a static coordinate system to find the phase
angle directly, as given by Equation (6).

Figure 11. Relationship between the power supply voltage and phase angle in the case of the zerocrossing technique.

θ = tan−1 (

𝑒𝛼
)
𝑒𝛽

(6)
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One advantage of the zero-crossing technique is that it can be used to find the phase angle in a
simple manner. However, in some cases, some zero points are missed during the phase detection
step, and consequently, its estimation speed is slow. Furthermore, another disadvantage of the zerocrossing technique is that estimation errors occur when noise due to harmonics or voltage notching
occurs. Therefore, in this study, we created an AFE rectifier control circuit that uses the PLL method
to accurately find the phase angle.
3. Large-Scale Electric Propulsion System Using an Improved AFE Rectifier
With the recent development of high-capacity power semiconductor elements, which can be
used in large-scale electric propulsion systems, it has become theoretically possible for AFE rectifiers,
which, thus far, were primarily used in small- to mid-sized electric propulsion systems on ships, to
be used in large-scale electric propulsion systems.
3.1. Improved AFE Rectifier Control
As can be deduced from the voltage equation of the AFE rectifier, i.e., Equation (3), the threephase AC voltage and current values continuously change as time progresses. Therefore, it is difficult
to ensure stable control over the rectifier. To control the rectifier in a simple, yet accurate manner, it
is necessary to convert the coordinates of the three-phase AC power supply to a given standard axis
in order to convert the voltage equation of the AFE rectifier to that with a stable DC value. In
particular, by changing the coordinate system using such a conversion, the three-phase AC levels,
which continuously change over time, can be converted to two DC values d-q, which are easy to
control. These converted values can then be used to control the AFE rectifier [22,33].
Figure 12 shows the structure of a phase angle detector that uses the PLL method rather than the
existing zero crossing technique to find the phase angle in an AFE rectifier. The PLL phase angle
detector converts the voltage of the three-phase AC power supply to a value on the d-q axis in a
synchronous rotating coordinate system. These values can then be used to find voltages 𝑒𝑑 , 𝑒𝑞 ,
which are DC voltages, and therefore, easy to control. In our study, 𝑒𝑑 is arbitrarily set to be the
active power, while 𝑒𝑞 is set to be the reactive power. Then, the value of the reactive power 𝑒𝑞 can
be controlled to ensure that it is 0.

Figure 12. Block diagram of a phase detector using the PLL method.

Figure 13 shows the relationship between the q-axis voltage of the synchronous rotating
coordinate system and voltage phase angle for controlling 𝑒𝑞 so that it is zero. In Equation (7), 𝑃𝑠 is
the active power supplied by the power supply.
3
3
𝑃𝑠 = 𝑒𝑎 𝑖𝑎 + 𝑒𝑏 𝑖𝑏 + 𝑒𝑐 𝑖𝑐 = (𝑒𝑑 𝑖𝑑 + 𝑒𝑞 𝑖𝑞 ) = 𝑒𝑑 𝑖𝑑
2
2

(7)

Thus, the power supply current is only affected by 𝑒𝑑 , which indicates the voltage value on the
d-axis, whereas the current value on the q-axis current does not have any effect on it. Therefore, the
3
supplied current can be given by 𝑃𝑠 = 2 𝑒𝑑 𝑖𝑑 . If the active power values are set on the d-axis, and the
q-axis voltage is controlled so that it is 0, the actual phase angle 𝜃 becomes the same as the imaginary
phase angle 𝜃̂ as shown in Figure 13. Consequently, the phase angle 𝜃 can be accurately
determined.
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Figure 13. Imaginary phase angle, which is the same as the actual phase angle.

To find the actual phase angle 𝜃, Equations (8) and (9) can first be solved by performing a
coordinate conversion on the three-phase 𝑒𝑎 , 𝑒𝑏 , 𝑒𝑐 voltages of the AC power supply so that 𝑒𝑎 , 𝑒𝑏 , 𝑒𝑐
transform into voltages on the 𝛼 − 𝛽 axis of the static coordinate system, as shown in Figure 14.
𝑒𝛼 = 𝐸 cos 𝜃

(8)

𝑒𝛽 = 𝐸 sin 𝜃

(9)

here, 𝐸 is the peak value of the input AC phase voltage, and 𝜃 is the phase angle between 𝑎 and
the 𝛼-axis.

Figure 14. Conversion to input voltage’s coordinate axis.

The values that have been converted to the static coordinate system with the 𝛼 − 𝛽 axis are then
converted to a synchronous rotating coordinate system with a 𝑑 − 𝑞 axis using Equation (10). This is
shown in Figure 15.
𝑒𝑑
cos 𝜃
[𝑒 ] = [
𝑞
− sin 𝜃

sin 𝜃 𝑒𝛼
][ ]
cos 𝜃 𝑒𝛽

Figure 15. Coordinate conversion to a synchronous rotating coordinate system.

(10)
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If the phase angle is the imaginary phase angle 𝜃̂ rather than the actual phase angle 𝜃 , the
voltage values on the 𝑑 − 𝑞 axis of the synchronous rotating coordinate system can be expressed
using Equation (11) as follows.
𝑒𝑑
̂
[𝑒 ] = [ cos 𝜃
𝑞
− sin 𝜃̂

sin 𝜃̂ ] [𝑒𝛼 ].
cos 𝜃̂ 𝑒𝛽

(11)

Equation (11) can be represented as Equations (12) and (13) on simplification. Furthermore,
Equations (8) and (9) can be used to obtain the voltage values in the static coordinate system using
the actual phase value, and if they are substituted in Equations (12) and (13), the resulting equations
are Equations (14) and (15), respectively.
𝑒𝑑 = 𝑒𝛼 cos 𝜃̂ + 𝑒𝛽 sin 𝜃̂

(12)

𝑒𝑞 = −𝑒𝛼 sin 𝜃̂ + 𝑒𝛽 cos 𝜃̂

(13)

𝑒𝑑 = 𝐸(cos 𝜃 cos 𝜃̂ + sin 𝜃 sin 𝜃̂) = 𝐸𝑐𝑜𝑠(𝜃 − 𝜃̂)

(14)

𝑒𝑞 = 𝐸(− cos 𝜃 sin 𝜃̂ + sin 𝜃 cos 𝜃̂) = 𝐸𝑠𝑖𝑛(𝜃 − 𝜃̂)

(15)

here, 𝜃 is the actual phase value between the 𝛼 and 𝑑 axes, whereas 𝜃̂ is the imaginary phase
angle.
In Equation (15), if 𝑞-axis voltage value 𝑒𝑞 is adjusted to be 0, then 𝜃 = 𝜃̂, and Equations (16)
and (17) can be solved. Consequently, the imaginary phase angle 𝜃̂ can be controlled so that it
matches the actual phase angle 𝜃.
𝑒𝑑 = 𝐸𝑐𝑜𝑠(𝜃 − 𝜃̂) = 𝐸

(16)

𝑒𝑞 = 𝐸𝑠𝑖𝑛(𝜃 − 𝜃̂) = 0.

(17)

If the three-phase input current is converted to the 𝑑 − 𝑞 coordinate axis system based on the
phase angle 𝜃 that is accurately obtained with the phase angle detector using the PLL control for the
AFE rectifier, the DC equivalent values of the AC current can be obtained. Thus, it is possible to use
a proportional integral controller to obtain an AFE rectifier with excellent control performance.
Equations (18) and (19) represent the voltage equation in the synchronous rotating coordinate system
with the 𝑑 − 𝑞 axes.
𝑒𝑑 = 𝑅𝑖𝑑 + 𝐿
𝑒𝑞 = 𝑅𝑖𝑞 + 𝐿

𝑑𝑖𝑑
− 𝜔𝐿𝑖𝑞 + 𝑉𝑑
𝑑𝑡
𝑑𝑖𝑞
𝑑𝑡

− 𝜔𝐿𝑖𝑑 + 𝑉𝑞 .

(18)
(19)

As is clear from Equations (18) and (19), there are speed electromotive and counter-electromotive
force components that represent a disturbance in the current control. In particular, these components
act as mutual interference components in the current control so that changes in the d-axis current
affect the q-axis current and vice-versa. Therefore, in order to obtain good control characteristics
when current control is performed in a synchronous rotating coordinate system, it is necessary to
design a current controller that includes feed-forward compensation for the counter-electromotive
and speed electromotive forces as indicated in Figure 16. If a feed-forward controller is included, the
output voltage of a proportional integral current controller in a synchronous rotating coordinate
system can be expressed as Equations (20) and (21).
∗
∗
𝑒𝑑∗ = 𝑒𝑑−𝑓𝑏
+ 𝑒𝑑−𝑓𝑓

(20)

∗
∗
𝑒𝑞∗ = 𝑒𝑞−𝑓𝑏
+ 𝑒𝑞−𝑓𝑓

(21)
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Figure 16. Current controller in the AFE rectifier that compensates for the counter-electromotive force.

3.2. Controlling the Propulsion Motor Speed of a Large-Scale Electric Propulsion System Using the Improved
AFE Rectifier
In this study, we used an indirect vector control technique to control the propulsion motor speed
of a large-scale electric propulsion system. The indirect vector control technique uses flux current,
torque current, and electric motor constant in the synchronous rotating coordinate system to calculate
the slip reference angular speed. The integral value of this added to the rotor speed is considered as
the flux angle. For high-performance torque and flux control, the stator current that is provided to
the motor is divided into different components that match each of the components that are orthogonal
to the standard flux [38,43].
In Figure 17, the α − β axis is fixed to the stator, while the d–q axis rotates at the synchronous
angular speed 𝜔𝜃 . The rotating axis is matched to the d axis, while the slip angle (𝜃𝑠𝑙 ) to the rotor
axis is maintained as the axis rotates. Therefore, the stator current supplied to the electric motor is
divided into the flux component current 𝑖𝑑𝑠 and torque component current 𝑖𝑞𝑠 , which can be used
to perform high-quality torque and flux control.

Figure 17. Indirect vector control.

In the case of rotator flux-based indirect vector control, the rotator flux is controlled to ensure
that it only exists as a d-axis component. Therefore, Equation (22) is valid.
𝜆𝑞𝑟 = 𝜌𝜆𝑞𝑟 = 0

(22)

As can be deduced from Equation (23), the torque is proportional to 𝑖𝑞𝑠 . Therefore, 𝑖𝑞𝑠 can be
considered as the torque component current. Furthermore, when flux control is constant, the rotator
flux can be controlled via 𝑖𝑑𝑠 . Therefore, 𝑖𝑑𝑠 can be considered as the flux component.
𝑇𝑒 =

3 𝑃 𝐿𝑚
𝜆 𝑖
2 2 𝐿𝑟 𝑑𝑟 𝑞𝑠

Thus, when 𝑖𝑑𝑠 is constant, the slip relational equation can be expressed as Equation (24).

(23)
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𝜔𝑠𝑙 =

𝑅𝑟 𝑖𝑞𝑠
𝐿𝑟 𝑖𝑑𝑠

(24)

The position of the rotator flux can be obtained as the integral value of the sum of the electric
motor speed and slip reference angular speed, as shown in Equation (25) below.
𝜃𝑒 = ∫(𝜔𝑟 + 𝜔𝑠𝑙 )𝑑𝑡

(25)

4. Methodology
In the present study, several different large-scale electric propulsion systems were modeled
using the DFE rectifier, phase shifting transformer, conventional AFE rectifier, and improved AFE
rectifier. A comparative analysis was performed on the operating characteristic results that were
obtained for the large-scale electric propulsion system with the improved AFE rectifier and
conventional DFE and AFE rectifiers in Figure 18. The modeled large-scale electric propulsion system
is the same as the electric propulsion systems that are installed and used in current LNG tankers. The
propulsion motor parameters are listed in Table 3. Figure 19 is a graph showing the oscillation of the
output voltage of the generator due to the load variation during the actual operation of the ship.
Thus, in order to verify the effectiveness of the proposed AFE rectifier, an arbitrary waveform was
inserted into the output of the generator during the simulation.

Figure 18. Flowchart of comparison analysis with each rectifier.
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Figure 19. The hunting of the output voltage of generator due to load variation in the actual operation
of the ship.
Table 3. Propulsion of large-scale electric propulsion ships applied to simulations electric motor
parameters.

Item

Value

Item

Value

Rated Power
Rated Voltage
Rated Current
Rated Speed
Frequency
Number of Poles

6000 Kw
3300 V
1200 A
650.8 rpm
60 Hz
10

𝑅𝑆
𝐿𝑆
𝑅𝑟
𝐿𝑟
𝐿𝑚
J

0.0167 Ω
1.49 mH
0.07 Ω
0.35 mH
48 mH
169 Kg/m2

To compare the characteristics of the large-scale electric propulsion systems based on their
rectification method, systems were developed that used the improved AFE rectifier in Figure 20 as
well as one that used an existing 24-pulse rectifier in Figure 21 with a phase shifting transformer. The
improved AFE rectifier and power semiconductor in the inverter used the same IGBT module. The
primary specifications of the power semiconductor are listed in Table 4 [44].
In order to verify the robustness of the proposed AFE rectifier control, an irregular waveform
was arbitrarily generated by inserting instantaneous zero-point noise, harmonics, etc. in the output
power voltage of the generator during the simulation.
Table 4. Semiconductor model and specification for IGBT power used in AFE rectifier.

Model
Collector-emitter voltage
DC collector current
Peak collector current
DC forward current

ABB Hi-Pak 5SNA 1200G450350
4500 V
1200 A
2400 A
1200 A
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Figure 20. Overall block diagram of the electric propulsion system with the improved AFE rectifier.

Figure 21. Overall block diagram of the electric propulsion system with a 24-pulse rectifier that
employs a phase shifting transformer.

In Figure 20, the phase angle that is needed to control the proposed improved AFE rectifier was
obtained using a phase angle detector with a PLL controller, as shown in Figure 22. The q-axis
voltage, which is the reactive power component that is converted to a synchronous rotating
coordinate system, was controlled always to be 0, so that the phase angle would match the actual
phase angle during phase angle determination.

Figure 22. Phase angle detector with a PLL controller.

The current controller for the AFE rectifier is shown in Figure 23. In particular, the output of the
DC link was compared with the reference voltage value in real time using the current controller used
for controlling the AFE rectifier. Furthermore, the error was controlled by the proportional integral
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controller, and the feed-forward compensation technique was used to remove the mutual
interference components of the counter electromotive and speed electromotive forces.

Figure 23. Current controller for the AFE rectifier.

In addition, the inverter used the indirect vector technique to control the speed and torque of
the propulsion motor. This indirect vector control is depicted in Figure 24. Simulations of the
modeled circuits were performed to compare speed response characteristics of the propulsion motor,
DC output voltage waveforms of the DC link, input side harmonic output characteristics of the power
supply, and heat loss in the inverter switching element, among others based on the changes in the
rectification method of the simulated large-scale electric propulsion system.

Figure 24. Block diagram of the indirect vector control for propulsion motor speed.

5. Analysis Simulations of the Operating Characteristics of Large-Scale Electric Propulsion
Systems According to Rectification Method
5.1. Speed Response Characteristics of the Propulsion Motor
Figure 25 shows the results of the simulation on the characteristics of the propulsion motor’s
response to step speed reference values. The standard speed value was set as 500 rpm. Based on these
results, it can be observed that the conventional AFE rectifier, 24-pulse rectifier, and improved AFE
rectifier all showed relatively good speed response characteristics to the reference value.
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(a) 24-pulse rectifier
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(c) Improved AFE rectifier
Figure 25. Speed response characteristics of the propulsion motor.

5.2. Comparison of the DC Output Voltage Waveform in the DC Link
Figure 26 shows the DC output voltage in the DC link when different rectifiers are used. The 24pulse rectifier, which uses the phase shifting transformer, had the best response characteristics to the
reference DC voltage. Nevertheless, the improved AFE rectifier maintained the DC output voltage in
a more stable state than the conventional AFE rectifier.
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(a) 24-pulse rectifier
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(c) Improved AFE rectifier
Figure 26. DC output voltage in the DC link.

5.3. Comparison of the Total Harmonic Distortion in the Voltage of the Power Source
Figure 27 shows the results of the simulation for the total harmonic distortion in the power
supply at the output side. The estimated values for the electric propulsion system that used the
improved AFE rectifier were about 2% better than the case wherein the conventional AFE rectifier
was used. Similar results were obtained for the 24-pulse rectifier. These values satisfied the
recommendation for total harmonic distortion that is included in the IEEE Standard 519-2014 [45],
which specifies a total harmonic distortion of 8% in power generators under 1 kV.

J. Mar. Sci. Eng. 2019, 7, 168

20 of 25

Total Harmonic Distortion[x100%]
0.1

0.08

0.06

0.04

0.02

0

0

0.2

0.4

0.6

0.8

1

0.8

1

0.8

1

Time (s)

Total Harmonic Distortion[x100%]

(a) 24-pulse rectifier

0.1

0.08

0.06

0.04

0.02

0

0

0.2

0.4

0.6
Time (s)

(b) Conventional AFE rectifier
Total Harmonic Distortion[x100%]
0.1

0.08

0.06

0.04

0.02

0

0

0.2

0.4

0.6
Time (s)

(c) Improved AFE rectifier
Figure 27. Total harmonic distortion of the power source on the voltage side.

5.4. Comparison of the Heat Loss in the Inverter Switching Element
The inverter’s IGBT module consists of the IGBT element and diode. Loss during power
conversion can be categorized into switching loss and conduction loss in the IGBT element as well as
switching loss and conduction loss in the diode element. The simulation estimated the power loss
and heat loss in the inverter module’s diode and IGBT element. The equation for obtaining
conduction loss and switching loss is as follows. Figure 28 shows the block diagram of the apparatus
used to record heat loss.
Conduction losses:
𝑃𝑐𝑜𝑛𝑑_𝑄 = 𝑉𝑐𝑒(𝑠𝑎𝑡) × 𝐼𝑐 × 𝐷

(26)

Switching losses:
Turn on
Turn off

𝑃𝑠𝑤_𝑄_𝑜𝑛 = 𝐸𝑜𝑛 × 𝑓 × 𝑉𝑐𝑐 ÷ 𝑉𝑐𝑐_𝑑𝑎𝑡𝑎𝑠ℎ𝑒𝑒𝑡

(27)

𝑃𝑠𝑤_𝑄_𝑜𝑓𝑓 = 𝐸𝑜𝑓𝑓 × 𝑓 × 𝑉𝑐𝑐 ÷ 𝑉𝑐𝑐_𝑑𝑎𝑡𝑎𝑠ℎ𝑒𝑒𝑡

(28)
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here, 𝑉𝑐𝑒(𝑠𝑎𝑡) is the transistor collector–emitter saturation voltage, 𝐼𝑐 is the collector current, D is
conducting duty cycle, 𝐸𝑜𝑛 is the transistor turn-on energy losses, 𝐸𝑜𝑓𝑓 is the transistor turn-off
energy losses, 𝑓 is the frequency, and 𝑉𝑐𝑐 is the actual dc bus voltage.

Figure 28. Block diagram of the apparatus used to obtain the heat loss in the inverter switching
element.

Figure 29 shows the results of our simulations to estimate the sum of the switching and
conduction losses of the diode in the inverter of a large-scale electric propulsion system using the
conventional AFE rectifier, 24-pulse rectifier, and improved AFE rectifier. Table 5 lists the average of
these results. It is clear from these analysis results that the system with the improved AFE rectifier
shows lower switching losses than the one with the 24-pulse rectifier.
Table 5. Comparison of the heat losses from the inverter when using the conventional AFE rectifier,
DFE rectifier and improved AFE rectifier in a large-scale electric propulsion system modeled.

Diode loss average
[W]
IGBT loss average
[W]
Total loss average
[W]
S1_Total_loss[W]

S2_Total_loss[W]

Conventional
AFE

24
Pulse

Improved
AFE

514

453

445

3717

3321

3350

4231

3774

3795

S3_Total_loss[W]

S4_Total_loss[W]

S5_Total_loss[W]

S6_Total_loss[W]

10000
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6000

4000

2000

0

0

0.2

0.4

0.6
Time (s)

(a) 24-pulse rectifier

0.8

1
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Figure 29. Comparison of the switching loss in the inverter elements.

6. Conclusions
Relatively good propulsion motor speed response results were obtained for the large-scale
electric propulsion systems that were modeled using each of the rectification methods. However, the
large-scale electric propulsion system that used the improved AFE rectifier was able to accurately
detect the phase angle of the power supply voltage using a PLL control circuit. Therefore, it was able
to obtain a more stable DC link voltage output and reduced number of harmonics in the input power
supply side compared with the conventional AFE rectifier. Furthermore, the improved rectifier
showed similar output performance as the 24-pulse DFE rectifier, which uses a phase shifting
transformer. In addition, from the simulation results, it was observed that when the proposed AFE
rectifier is used, the DC output performance of the DC link in the rectifier was improved.
Consequently, the switching loss of the power semiconductor of the inverter used for controlling the
speed of the propulsion motor was similar to that of the 24-pulse rectifier.
So far, large-sized electric propulsion vessels have adopted the same high-power drive system
of the shore, but the use of phase shifting transformers with DFE rectifiers in a limited space and
heavy weight has several disadvantages. In this study, an improved AFE rectifier with superior
performance compared to the 24-pulse rectifier was applied. Research findings revealed that the
proposed system would mitigate the complexity of the electric converting system by reducing the
number of the rectifiers to be fitted. Therefore, the optimized spatial arrangement in the engine room
could contribute to increasing the cargo loading efficiency of the vessel.
Based on these simulation results, it was confirmed that it can be more effective for a large-scale
electric propulsion system to use an AFE rectifier that can turn a power semiconductor switch on and
off, rather than using an existing DFE rectifier employing a phase switching transformer.
Author Contributions: Conceptualization, Kim, J. S. and Yoon, K. K.; Methodology, Kim, J. S., Yoon, K. K. and
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