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Abstract 

 

This paper studies the harmonic characteristics of ship electric propulsion systems and their treatment methods. It also adopts 
effective measures to suppress and prevent ship power systems from affecting ship operation due to the serious damage caused 
by harmonics. Firstly, the harmonic characteristics of a ship electric propulsion system are reviewed and discussed. Secondly, 
aiming at problems such as resonant frequency and filter characteristics variations, resonance point migration, and unstable 
filtering performances in conventional passive filters, a method for fully tuning of a passive dynamic tunable filter (PDTF) is 
proposed to realize harmonic suppression. Thirdly, to address the problems of the uncontrollable inductance L of traditional air 
gap iron core reactors and the harmonics of power electronic impedance converters (PEICs), this paper proposes an electromagnetic 
coupling reactor with impedance transformation and harmonic suppression characteristics (ECRITHS), with the internal filter (IF) 
designed to suppress the harmonics generated by PEICs. The ECRITHS is characterized by both harmonic suppression and 
impedance change. Fourthly, the ECRITHS is investigated. This investigation includes the harmonic suppression characteristics 
and impedance transformation characteristics of the ECRITHS at the fundamental frequency, which shows the good performance 
of the ECRITHS. Simulation and experimental evaluations of the PDTF are carried out. Multiple PDTFs can be configured to 
realize multi-order simultaneous dynamic filtering, and can effectively eliminate the current harmonics of ship electric propulsion 
systems. This is done to reduce the total harmonic distortion (THD) of the supply currents to well below the 5% limit imposed by 
the IEEE-519 standard. The PDTF also can eliminate harmonic currents in different geographic places by using a low voltage 
distribution system. Finally, a detailed discussion is presented, with challenges and future implications discussed. The research 
results are intended to effectively eliminate the harmonics of ship electric power propulsion systems and to improve the power 
quality of ship power systems. This is of theoretical and practical significance for improving the power quality and power savings of 
ship power systems. 
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I. INTRODUCTION 

With the development of power electronics technology, 
variable frequency speed control technology, pod technology 
and digital technology based on microprocessors, ship electric 
propulsion systems have become strong competitors of diesel 
engines that directly drive the propeller propulsion system 
with their inherent advantages (such as maneuverability, 
reliability, and propulsion efficiency). Large-capacity power 

electronic devices are often employed in ship electric propulsion 
systems (such as rectification and inverter equipment). All 
power electronic devices generate a large amount of harmonics 
during power conversion and control, during which the 
propulsion is promoted and a large amount of power harmonics 
are injected into the grid [1], [2]. When a ship electric 
propulsion system is operating under different conditions, the 
harmonic content and waveform changes of the ship power 
system are different [3], [4]. Propulsion inverters serves as 
the main harmonic source of ship electric propulsion systems 
[5]. Harmonic content is increasing year by year [6], [7]. 

The fundamental power created by a generator is converted 
into the fundamental power flowing to the linear load and 
fundamental power flowing to the nonlinear load. At the 
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same time, the nonlinear load flows through part of its own 
fundamental power for absorption, with the other part being 
converted into harmonic power, which then flows to the 
system and linear load, and is then converted into heat energy, 
resulting in an increase in both the equipment capacity and 
circuit loss, a shortened life of electrical equipment, increasing 
energy loss of the power grid, and the possibility of resonance 
of the power system [8]. Harmonics can cause serious 
interference in communication and electronic equipment, 
which can result in a potential safety hazard, and problems in 
terms of the high quality and economic operation of a ship 
power system. Severe accidents caused by harmonics have 
occurred at home and abroad [9], [10]. Therefore, the harmonic 
problems in ship electric propulsion systems must be taken 
seriously. It is necessary to study these harmonics and their 
treatment methods, and to adopt effective measures to suppress 
and prevent ship power systems from affecting ship operation 
due to the serious damage caused by harmonics. The issue on 
how to effectively control harmonics below the 5% limit 
imposed by the IEEE-519 standard [11] while meeting the 
requirements of safe operation is an important and practical 
topic in the frontiers of scientific and technological workers. 

A large number of experts and scholars at home and abroad 
have conducted in-depth research on harmonic suppression. 
The best way to solve the harmonic problem is to install a 
power filter at the nearest point to the harmonic source. There 
are three main methods depending on the class of filters: 
passive power filters (PPFs), active power filters (APFs), and 
hybrid power filters (HAPFs), which have their own strengths 
and weaknesses that make them suitable for different occasions, 
as shown in Table I. In short, these three power filters have 
their own advantages and disadvantages, which make them 

suitable for different occasions [12]-[25].A lot of attention 

has been paid to developing a novel power filter, whose 
performance is basically the same as that of an active filter, 
while having a price advantage over the PDTF [10]. 

Existing studies on the harmonic suppressing technology of 
ship power systems focus mainly on harmonic characteristics, 
suppression research and the influence of converters on the 
current harmonics of ship power grids, which does not involve 
multi-order current harmonic suppression. Therefore, based 
on the study of the harmonic characteristics of a ship power 
system, an analysis is conducted in this paper from the 
perspective of PPF. This study focuses on the fact that the 
L/C parameters of PPF cannot be adjusted, and the poor filtering 
effect. Therefore, this paper puts forward an ECRITHS, which 
can optimize PDTFs, with the following organization. The 
harmonic characteristics of a ship electric propulsion system 
are reviewed and discussed in Section II. Section III proposes 
a method for fully tuning a PDTF. The harmonic suppression 
principle of the PDTF is analyzed in Section IV. The impedance 
transformation and harmonic suppression characteristics of 
the ECRITHS are studied in Section V. Simulation and  

TABLE I 
STRENGTHS AND WEAKNESSES OF DIFFERENT POWER FILTERS 

Power 
filter

References Strengths Weaknesses 

PPF [12]-[15]

Simple structure 
Large capacity 
Low cost  
Stable 
performance 

Large storage element 
Parallel resonances 
Not real time 
Greatly affected by the 
capacitor components 

APF [16]-[19]

High 
responsiveness 
High 
controllability 
Large capacity 

Complex control system 
Expensive price 
High operating conditions

HAPFs [20]-[24]

High efficiency 
Large capacity 
High 
controllability 
High reliability 

Complex control algorithm
High operating conditions
Expensive price 
Height limitation of device

 

 

DGS: Diesel generator sets 
PMS: Power station management system 
PDU: Power distribution unit (main 
switchboard) 
RCU: Remote control unit 
DA: Detection alarm 
EC: Emergency control 

SC: System controller 
PI: Propulsion inverter 
TPIT: Three-phase isolation transformer 
TAVFM: Three-phase AC variable 
frequency motor 
OEE: Other electrical equipment 

Fig. 1. Composition block diagram of a typical ship electric 
propulsion system. 

 
experimental evaluations of a PDTF used for the harmonic 
suppression of a ship electric propulsion system are presented 
in Section VI. Section VII gives a detailed discussion and 
future research directions. 

 

II. HARMONIC CHARACTERISTICS OF A SHIP 

ELECTRIC PROPULSION SYSTEM 

A ship power system, working as a whole, consists of 
power supply devices, power distribution devices, power grids 
and loads connected in a certain way. It is a general term for 
all shipboard devices and networks such as ship energy 
generation, transmission, distribution and consumption. A 
typical ship electric propulsion system is shown in Fig. 1. 

In an electric propulsion ship power grid, there are three 
sources of harmonics. The first source is the harmonics 
generated by power generation. The second is the harmonics 
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generated by the transmission and distribution systems. The 
third is the harmonics generated by electrical equipment. The 
harmonics mentioned above, which are generated by the 
supply and transmission of power and distribution systems, 
are designed with harmonic suppression in mind. In addition, 
the provided power supply can meet the power quality 
requirements of the electrical equipment. Therefore, this paper 
takes the harmonics generated by electrical equipment as its 
research object. The propulsion inverter is the main piece of 
electrical equipment and also the main harmonic source for a 
ship electric propulsion system. 

The frequency of the harmonic current generated by the 
propulsion inverter with the n-pulse rectifier circuit is: 

, k=1, 2, …           (1) 

where f1 is the fundamental frequency of 50Hz. For a 
propulsion inverter load with a 6-pulse rectifier circuit, the 
harmonic currents are of the 5th, 7th, 11th and 13th order. 
Therefore, four PDTFs (5th, 7th, 11th and 13th), which are 
connected in parallel with two harmonic sources, effectively 
eliminate the current harmonics of the ship electric propulsion 
system. 

 

III. METHOD FOR FULLY TUNING OF A PDTF 

Aiming at problems such as variations of the resonant 
frequency and filter characteristics, resonance point migration, 
and unstable filtering performances in conventional passive 
filters, a method for fully tuning of a PDTF is proposed. A 
method for the dynamic tuning of a PDTF is a key technology 
for the harmonic suppression of ship electric propulsion systems. 
The main research contents include: the topological structure, 
the control principle of a PDTFs, and a full tuning method 
based on the fundamental equivalent impedance and harmonic 
impedance. 

A. Topological Structure of a PDTF 

The core component of the PDTF is an ECRITHS. The 
primary reactance winding of the ECRITHS is connected in 
series with a filter capacitor group (FCG), the secondary 
control winding is connected a PEIC, and the secondary filter 
winding is connected with an IF designed to suppress the 
harmonics generated by the PEIC. Taking a single PDTF as 
an example, a block diagram is shown in Fig. 2. 

In Fig. 2, Q01 is a circuit breaker, FS1~n is a fuse, KM1~n is a 
capacitor contactor, Cs is the equivalent capacitance of the 
FCG, Ls is the equivalent inductance of the primary reactance 
winding of the ECRITHS, and Ls and Cs constitute the 
resonant branch of the PDTF. In addition, NL is the harmonic 
source. The mechanism and control structure of the PDTF 
have been shown in [25]-[29]. 

The systematic control structure consists of a main circuit 

and a control system.The main circuit is mainly composed of  

 
Fig. 2. Block diagram of a PDTF. 
 
Q01, ECRITHS, FCG, KM0, KM1~n and FS1~n. Among these, 
the ECRITHS is made up of a PEIC and an IF. The PEIC is a 
three-phase high impedance inverter that is constituted by six 
thyristors V1~V6 (V1, V3 and V5 are connected at the cathode, 
while V4, V6 and V2 are connected at the anode) and the 
reactance control winding of the PEIC. The thyristors are 
driven through phase control. According to the control principle 
of power electronic conversion technology, A-B, A-C, B-C, 
B-A, C-A and C-B correspond to thyristors V1, V3, V5, V4, V6 
and V2, respectively. A pair of thyristors is triggered every 60 
degrees to realize the impedance transformation of the 
three-phase high impedance inverter. 

The control system consists of a harmonic sensor (SP), a 
controller, a thyristor pulse trigger board (PTB), a touch screen 
(TS), a D/A converter (D/A), a digital input and output (I/O), etc.  

The control system collects information of the harmonics 
via the SP and makes control decisions such as data processing 
and filtering algorithm optimization via the controller. The 
results are output in two ways. One output is D/A, which 
controls the PEIC through the PTB, which realizes the 
transformation and continuous control of the electromagnetic 
parameters of the ECRITHS. The other output is I/O, which 
controls the dynamic switching of the FCG of the main 
circuit. The controller controls the signals output via these 
two ways to realize the tuning and filtering of harmonics. 

B. Control Principle of the PDTF 

According to the direction of the harmonic current in a 
power system, the detuning degree can be expressed by the 
harmonic current offset. In a power system, part of the 
harmonic current generated by a nonlinear load enters the 
filter branch, and part of it enters the grid side. When a PDTF 
works normally, it resonates at the harmonic frequency, which 
forms a low impedance bypass to the sub-harmonic current, 
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at which most of the harmonic current is absorbed by the 
PDTF. When the PDTF mistunes, the resonant frequency of 
its LsCs series circuit deviates from the harmonic frequency, 
and the PDTF electrically operates on the sub-harmonic 
current. When the tuning impedance of the current increases, 
the harmonic current generated by the load side flows into the 
power grid in large quantities. This reduces the harmonic 
current in the filter branch. 

Set the hth harmonic current offset ΔIh: 

                 (2) 

where Inf is the effective value of the hth harmonic current of 
the PDTF branch, Inl is the effective value of the hth harmonic 
current of the NL. The detuning degree of the PDTF is 
described by the offset ΔIh. When the filter is in resonance, 
the value of ΔIh is close to 0. However, when the filter is 
detuning, the harmonic current offset ΔIh increases, and the 
detuning degree also increases. 

By synchronous sampling of the PDTF branch current If 
and load current Il, the hth harmonic current Ihf of the PDTF 
branch and the hth harmonic current Ihl of the load are obtained. 
With the ΔIh minimum as the control target, the controller 
controls the firing angle α of the thyristors in the PEIC.  

At the fundamental frequency, the PDTF is mainly used to 
compensate the reactive power of the system. The capacitor 
can be input and removed dynamically and timely. Therefore, 
the overall capacitance reactance can be adjusted. In this way, 
the capacitor can be put into the system according to the 
actual needs, and the inductance of the ECRITHS can be 
adjusted. The PDTF can compensate the reactive power of 
the system without overcompensation. 

At harmonic frequencies, the PDTF is mainly used to absorb 
harmonics. When the PDTF is in resonance, the controller 
keeps the firing angle α of the thyristors in the PEIC. When 
the capacity of the capacitor bank changes, for example, 
when the temperature changes and time passes, the capacity 
of the capacitor bank becomes smaller. If the inductance Ls 
remains unchanged, the actual resonance frequency fh (such 
as f5 = 250Hz, that is, the 5th harmonic resonance frequency) 
increases, and the filtering effect is greatly affected. However, 
the PDTF improves this situation. When the capacitor bank 
capacity changes, the controller adjusts the firing angle α of 
the thyristors in the PEIC, and the inductance Ls produced by 
the primary reactance winding changes. Thus, the inductance 
Ls of the ECRITHS can be dynamically adjusted so the 
product of LsCs remains unchanged and the filtering 
frequency fh remains unchanged. As a result, the filtering 
accuracy and filtering effect are unaffected. 

C. Full Tuning Method based on Fundamental Impedance 
and Harmonic Impedance 

A schematic diagram of the connection between the PDTF 
and the NL is shown in Fig. 3. 

 

Fig. 3. Schematic diagram of the PDTF and NL connection. 

 

 
Fig. 4. Equivalent diagram of a PDTF connected to an NL. 

 

 
Fig. 5. Equivalent harmonic model of a power transformer and 
the PDTF connection. 

 

As shown in Fig. 3, both the NL and the PDTF are connected 
to the secondary side of the power transformer. Therefore, an 
equivalent diagram of a PDTF connected to a nonlinear load 
can be obtained. According to the superposition principle, an 
equivalent diagram of a PDTF connected to a NL is shown in 
Fig. 4. 

In Fig. 4, the power transformer is composed of a core, a 
primary winding, and a secondary winding. Among them, the 
power supply voltage is connected to the power supply 
winding N11; and the winding connections of the PDTF and 
NL are called the filter winding N12, and the non-linear load 
winding N13, respectively. N13 winding turns are equal to N12 
winding turns. N11 can be regarded as the primary winding, 
and N12 and N13 can be regarded as the secondary windings. 

The harmonic source in the winding N13 is replaced by the 
current source . Meanwhile the harmonic currents in the 

N11, N12 and N13 windings are ,  and , 

respectively. In addition, the harmonic current in the branch 
of the PDTF is . Assuming that the equivalent harmonic 

impedance of the windings N11, N12 and N13 of the power 
transformer are ZT1h, ZT2h and ZT3h, the harmonic impedance 
of the PDTF is ZTf. An equivalent circuit can be obtained 
from Fig. 4, as shown in Fig. 5. 

The relationship between the equivalent harmonic current 
of winding N11 and winding N13 is: 

        (3) 

It can be seen from Equ. (3) that for the hth harmonic, as 
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long as the harmonic current in winding N11 of the transformer 
is equal to zero, it is necessary for: 

                 (4) 

The structure and parameters of the PDTF can be designed 

to satisfy Equ. (4). In this case, the harmonic current can 

be zero in the ideal state. Therefore, the PDTF can 
completely suppress the harmonics generated by the NL. 

The PDTF is designed according to the dynamic L-C 
parameters. This is the full-tuning method based on the 
fundamental equivalent impedance and the harmonic impedance. 

 

IV. HARMONIC SUPPRESSION PRINCIPLE  
OF THE PDTF 

The harmonics in a current waveform can be regarded as 
integer multiples at a certain fundamental frequency, e.g., 

 Hz. Thus, , where h is the harmonic 

order. 
Taking the harmonic current as an example, its expression 

is: 

               (5) 

where  denotes the peak value of the fundamental current 

and  is the peak value of the hth harmonic current. 
As can be known from Section II, for a propulsion inverter 

load with a 6-pulse rectifier circuit, the harmonic currents are 
of the 5th, 7th, 11th and 13th order. In other words, the values of 
h are 5, 7, 11 and 13. This shows that for the harmonics 
generated by a 6-pulse frequency converter, the 5th harmonic 
should be filtered first, followed by the 7th, 11th and 13th 
harmonics successively.  

When the ECRITHS and the FCG are in series resonance 
in the PDTF, it is possible to obtain: 

                 (6) 

where ω1 represents the fundamental angular frequency of the 
power grid. When the capacitance of the filter capacitor Cs 
decreases due to dielectric aging or other reasons, the resonant 
point of the PDTF can be returned to the harmonic frequency 
by adjusting the equivalent inductance Ls. 

Under normal conditions, the resonant frequency is fh (h=5, 
7, 11 and 13), and the impedance of the filter branch is very 
small. When the capacitance of the filter capacitor Cs decreases, 
the resonant frequency fh of the PDTF increases to f. 
Meanwhile, the resonant point gradually shifts to a higher 
frequency when the service time of the capacitor increases. 

The total impedance Zhf of the branch where the PDTF is 
located is: 

           (7) 

When the reactor Ls and the capacitor Cs are in series 
resonance, the imaginary part in Equ. (7) is 0. Therefore: 

             (8) 

where XL1 and XC1 denote the inductive reactance value and 
the capacitive reactance value of the ECRITHS at the 
fundamental angular frequency ω1 of the power grid. 

The capacitance of the filter capacitor QC, the capacitance 
value Cs, the capacitance value XC and the resonance 
frequency fh are formulated as follows: 

                  (9) 

              (10) 

where XLh and XCh represent the inductive reactance value and 
the capacitive reactance value of the ECRITHS at the 
resonant frequency fh, respectively. If the capacity QC of the 
filter capacitor decreases, the capacitance reactance XC1 of the 
filter capacitor increases. However, Cs decreases, and the 
resonance frequency fh increases. Thus, the PDTF deviates 
from the original resonance point and the accuracy of the 
filter declines. At this point, if Ls is properly increased, the 
PDTF can return to the previous resonance point. 

The PDTF can dynamically filter the harmonic current of 
the corresponding order at the resonant frequency. It can also 
overcome the detuning caused by the change of the 
capacitance parameter or other reasons. 

Reactive power compensation of the PDTF under the 
fundamental wave is another key issue. According to the 
reactive power of the system, the capacity of the input 
capacitor can be flexibly changed to prevent the system from 
reactive power under-compensation and over-compensation. 

The impedance Zf1 of the PDTF under the fundamental 
wave is: 

    (11) 

where XCs1 is the capacitance reactance value of the PDTF at 
the fundamental angular frequency. 

According to Eqns. (9) and (10), the capacitive reactive 
power QP provided by the PDTF at the fundamental 
frequency is: 

      (12) 

where U1 denotes the fundamental voltages at both ends of 
the filter capacitor, and UCN and QCN are the rated voltage and 
capacity of the capacitor, respectively. 
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Fig. 6. Structure of the ECRITHS. 

 

V. CHARACTERISTICS OF THE ECRITHS 

The PEIC is regulated by the thyristor three-phase full- 
control mode. In the process of impedance transformation, a 
certain amount of 6k±1 (k=1, 2…) order harmonics is 
generated. For this reason, this paper invents an ECRITHS. 
The IF is designed to suppress the harmonics generated by 
the PEIC. Based on the structure of the ECRITHS, the 
mathematical equation of the harmonic influence coefficient 
is constructed. Using the MATLAB 2016b simulation tool, 
the harmonic suppression and the impedance transformation 
impedance transformation characteristics of the ECRITHS 
are simulated. 

A. Structure of the ECRITHS 

The ECRITHS is based on the electromagnetic coupling 
reactor (ECR) structure [10], with the secondary filtering 
winding N2 added, as shown in Fig. 6. 

In Fig. 6, a single winding iron core reactor is designed as 
an electromagnetic coupling reactance converter (ECRC) 
with the primary reactance winding N1, the secondary filter 
winding N2 and the secondary control winding N3. N3 is 
connected to the PEIC, and N2 is connected to the IF, which 
forms a harmonic-free electromagnetic coupling reactor. The 
impedance transformation of the ECRITHS is realized by the 
PEIC, and the harmonic suppression of the ECRITHS is 
realized by the IF. A detailed graphic symbol description of 
the ECRITHS is given in Table II. 

B. Mathematical Equation of the Harmonic Influence 
Coefficient 

In order to facilitate the mathematical model analysis of the 
ECRITHS, a simplified equivalent circuit of the ECRITHS 
can be obtained by simplifying the structure of Fig. 6, as 
shown in Fig. 7. 

In Fig. 7, assuming that there is no harmonic component in 
the primary reactance winding of the ECRC, the harmonic 
generated by the PEIC is replaced by the current source . 

In addition, the harmonic currents in the primary reactance 
winding N1 , the secondary filter winding N2 and the secondary 
control winding N3 are ,  and . The harmonic currents 

TABLE II 
DETAILED GRAPHIC SYMBOL DESCRIPTION OF THE ECRITHS 

Graphic 
symbol 

Description 

N1(A, X) Primary reactance winding of ECRC 

N2(a2, x) Secondary filter winding of ECRC  

N3(a3, x) Secondary control winding of ECRC 

u1, u2, u3 Voltage of N1, N2, N3, respectively 

i1, i2, i3 Current of N1, N2, N3, respectively 

e1, e2, e3 Inductive potential of N1, N2, N3,  respectively 

e1σ, e2σ, e3σ Leakage potential of N1, N2, N3, respectively  

 

 
Fig. 7. Simplified equivalent circuit of the ECRITHS. 

 

 
Fig. 8. Equivalent harmonic circuit of the ECRITHS. 

 
absorbed by the IF is . The equivalent harmonic impedance 

of N1, N2, N3 and IF are Z1h, Z2h, Z3h and Zf, respectively.  
As shown in Fig. 7, the relationship between the hth 

subharmonic current and the voltage is: 

                   (13) 

                (14) 

The harmonic current and voltage of N1 and N2 are 
converted as follows: 

             (15) 

Without taking the excitation current into consideration, 
the equivalent harmonic circuit corresponding to Fig. 7 is 
obtained, as shown in Fig. 8.  
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TABLE III 
HARMONIC EQUIVALENT IMPEDANCE RELATIONSHIP OF THE 

ECRITHS 

Serial 
Number 

Position 
Harmonic equivalent 
impedance 

Turn ratio 
relationship 

1 N1 and N2  
Reciprocal 

2 N1 and N3  Reciprocal 

3 N2 and N3  
Reciprocal 

 
From Fig. 8, the equivalent harmonic impedance relation 

of the ECRITHS can be obtained as follows: 

         (16) 

where the harmonic equivalent impedance relationships of the 
ECRITHS are shown in Table III. 

According to the KCL equation of the node, the equation 
of the zine potential of the hth harmonic current can be 
obtained as: 

             (17) 

Using the superposition principle, the following voltage 
equation is obtained from Fig. 8: 

        (18) 

Substituting Eqns. (13)-(15) into Equ. (18) yields: 

    (19) 

Simplifying Equ. (19) yields: 

   (20) 

From Equ. (20): 

            (21) 

Substituting Equ. (16) into Equ. (21) yields: 

       (22) 

The harmonic equivalent impedance relationship of the 
electromagnetically coupling reactor shown in Table III is  

 
Fig. 9. Simulation model of the harmonic suppression characteristics 
of the ECRITHS. 
 
substituted into Equ. (22) and simplified: 

              (23) 

Substituting Eqns. (15) and (23) into Equ. (21), and 
simplifying them yields the harmonic influence coefficient 
Kh: 

        (24) 

Equ. (24) reveals the relationship between the equivalent 
harmonic currents of N1 and N3. The harmonic influence of 
the harmonic source generated by the PEIC on N3 is related to 
Kh, as in the following. 

(1) When Kh=0, Z2h+Zf=0 and I1h=0, it is indicated that the 
IF has the best harmonic suppression effect. 

(2) When 0<Kh<1: the smaller the value of Kh, the smaller 
the influence. On the other hand, the larger the value of Kh, 
the greater the influence. 

(3) When Kh=1 and I1h=Ih, the influence is the greatest. 

Therefore, it can be concluded that as long as the sum of 
the harmonic impedance Z2h of N2 and the impedance Zf of 
the IF is zero, the IF can completely suppress the harmonic 
current generated by the PEIC. 

C. Simulation of the Harmonic Suppression Characteristics 
of the ECRITHS 

A simulation model of the harmonic suppression 
characteristics of the ECRITHS is constructed according to 
Eq. (24), as shown in Fig. 9. 

Taking the filtering of the 5th harmonic current as the 
research object, an LfCf passive filter is used in the IF, where 
the capacitor selected is 10 kVar, and the capacitor voltage is 
525V. The harmonic suppression characteristics of the 
ECRITHS are simulated and analyzed, including a relationship 
curve between the harmonic influence coefficient Kh and the 
IF impedance Zf, as shown in Fig.10. 

From Fig. 10, the validity of formula (24) is verified. The 
influence of the harmonic source produced by N3 on the  
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Fig. 10. Relation curve between the harmonic influence coefficient 

and the IF impedance . 

 
TABLE IV 

DESIGN PARAMETERS OF THE ECRITHS 

Basic parameters 
Number of turns 1: 5 

capacity /kVA 5 

Primary reactance 
winding N1 

N1 40 

Current I1/A 75 
Voltage U1/V 38

Inductance /mH 1.62 

Resistance /Ω 0.0324 

Secondary harmonic 
winding N2 

N2 200 

Current I2/A 15 

Voltage U2/V 190 

Inductance /mH 1.852 

Resistance /Ω 0.0369 

Secondary control 
winding N3 

N3 200 

Current I3/A 15 

Voltage U3/V 190 

Inductance L3/mH 1.852 

Resistance R3/Ω 0.0369 

 
harmonic of N1 is related to Kh. The harmonic influence 
coefficient Kh decreases linearly with the increase of Zf, with 
its slope determined by the parameters of the ECRITHS. 
Therefore, it can be concluded that the harmonic current 
generated by N3 can be completely absorbed by the IF, if Zf 

can be adjusted to make close to 0. 

D. Simulation of the Impedance Transformation 
Characteristics of the ECRITHS at the Fundamental 
Frequency 

Firstly, an impedance transformation simulation model of 
the ECRITHS is constructed according to the impedance 
transformation mathematical model of the ECRITHS. Then 
an impedance transformation characteristic curve of the 
ECRITHS is obtained by simulation. 

When the PEIC operates between the “open state and the 

short circuit state” with the excitation current (Zm=∞) being 
ignored, the impedance transformation mathematical model 
of the ECRITHS [10] is as follows: 

 
Fig. 11. Impedance transformation characteristic curve of the 
ECRITHS.  
 

TABLE V  
IMPEDANCE CONVERSION CHARACTERISTICS OF THE ECRITHS  
π-α/。 Z11/Ω Characteristics description 

0 Maximum  N3 of ECRC is short-circuited

0～10 Rapid decrease 

Z11min≤Z11≤ Z11max 10～30 Change significantly 

30～120 Change slowly 

120 Minimum  N3 of ECRC is open-circuited

 

    (25) 

An impedance transformation simulation model of the 
ECRITHS is constructed according to Equ. (25). According 
to the simulation of design parameters of the ECRITHS in 
Table IV, an impedance transformation characteristic curve 
of the ECRITHS at the fundamental frequency is obtained, as 
shown in Fig. 11. 

The following conclusions can be verified from Fig. 11. 
The ECRITHS is equivalent to a reactor with a variable 
inductance. The impedance conversion characteristics of the 
ECRITHS are shown in Table V. 

 

VI. SIMULATION AND EXPERIMENTAL  
EVALUATION OF THE PDTF 

A. Simulation evaluation of the PDTF 

Numerical simulations have been conducted to validate the 
PDTF used for the harmonic suppression of a ship electric 
propulsion system. A simulation model for the harmonic 
suppression of a ship electric propulsion system is constructed 
according to the above research results, as shown in Fig. 12. 

In Fig. 12, the implement three-phase source is selected as 
the Power Supply (PS), with speed and load torque set by the 
SV module. Signals are saved and scoped by the SS module. 
The harmonics are produced by two FOCIMDs, which are 
used to drive propellers 1 and 2 (see in Fig. 2). The three- 
phase inverter in Fig. 12(b) is the propulsion inverter with a 
6-pulse rectifier circuit. Therefore, the PDTF consisting of  
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(a) 

 
(b) 

Fig. 12. Simulation model for the harmonic suppression of a ship 
electric propulsion system. (a) Simulation model. (b) Simulink 
schematic of a field-oriented control induction motor drive 
(FOCIMD). 

 

TABLE VI 
SIMULATION PARAMETERS OF THE INDUCTION MOTOR  

Electrical 
Parameters 

Power/kVA 149.2 

Voltage/V 460 

Frequency/Hz 50 

Equivalent 
circuit values 

Resistance/Ω(Stator) 14.85×10-3

Leakage inductance/mH (Stator) 0.3027 

Resistance/Ω(Rotor) 9.295×10-3

Leakage inductance/mH (Roator) 0.3027 

Mutual inductance/mH 10.46 

Mechanical 
Parameters 

Inertia/kg*m2 3.1 

Friction 0.08 

Pole Pairs 2 

 
four PDTFs (5th, 7th, 11th and 13th) are connected in parallel 
with the two harmonic sources (FOCIMD 1 and 2). Four 
PDTFs have been applied to eliminating the harmonics of a 
ship power system with the proposed method for dynamic 
tuning of the PDTF in the above simulation system. 

According to the simulation parameters of the induction 
motor in Table VI, the speed reference is set to 1000rpn, and 
load torque is set to 792NM. Using a Powergui FFT Analysis 
Tool, simulated results of the 5th, 7th, 11th and 13th harmonic 
currents and the THD in the source current (VI0) with and  

TABLE VII 
SIMULATED RESULTS OF HARMONIC SUPPRESSION 

Harmonic 
order 

Cs/uF Ls/mH 
Harmonic Current /A 

without 
PDTF 

With 
PDTF

Absorption

5th 1501.5 0.270 138.11 19.31 118.8 

7th 693 0.298 75.98 17.46 58.52 

11th 288.75 0.290 14.46 9.43 5.03 

13th 115.5 0.519 15.60 8.79 6.81 

THD /% -  67.34 4.64 - 

 

 
(a) 

 

 
(b) 

Fig. 13. Current curve in the VI0. (a) Without the PDTF. (b) With 
the PDTF. 

 

 
(a) 

 
(b) 

Fig. 14. Magnitudes of the harmonic spectrum in the VI0. (a) 
Without the PDTF. (b) With the PDTF. 
 
without the PDTF are shown in Table VII. In addition, current 
curves in the VI0 with and without the PDTF are shown in 
Fig. 13. 

As can be seen, the current is0 (Fig. 13(a)) in the VI0 without 
the PDTF contains a significant number of harmonics, and the 
current is1 (Fig. 13(b)) in the source current with the PDTF 
contains a lot fewer harmonics than is0. The magnitudes of the 
harmonic spectrum are shown in Fig. 14. 
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Fig. 15. Pictures of the PDTF. 

 

 

Fig. 16. Schematic diagram of the main electrical configuration 
in a distribution system. 

 
The following conclusions can be verified from Table VII, 

Fig. 13 and Fig. 14. The THD of the source current is 67.34%, 
which is reduced to about 4.64% by the multi-order simultaneous 
dynamic filtering. At the same time, the harmonic current can 
be absorbed by the PDTF, with the absorption efficiency rate 
of the 5th harmonic current being above 80%. It has been 
found that multiple PDTFs can be configured to realize multi- 
order simultaneous dynamic filtering, and can reduce the THD 
of source currents well below the 5% limit of the IEEE-519 
standard [11]. 

B. Experimental Evaluation of the PDTF 

Pictures of the PDTF are shown in Fig. 15, and it has been 
applied to eliminate the harmonics of a low voltage distribution 
system, with a transformer capacity of 1250kVA and a ratio 
of 6.3kV/0.4kV. There are five harmonic sources (HS1- HS5) 
in different geographic places. The harmonics are produced 
by five variable-frequency drives (VFD1-VFD5), which are used 
to drive the motors (M1-M5), respectively. A configuration 
diagram of the main electric cabinet is shown in Fig. 16. 

The 5th harmonic current (I5), THD, fundamental current 
(I1) in the HC0 and TP1~ TP5 are measured using a power 
quality analyzer (CA8335), where the measurement results of 
the distribution system are shown in Table VIII. 

Five PDTFs are connected in parallel with five harmonic 
sources (HS1- HS5) (See Fig. 16 for details). Graphs of the 5th  

TABLE VIII 
MEASUREMENT RESULTS OF THE DISTRIBUTION SYSTEM  

WITHOUT THE PDTF 

Test point Rated Power/kW I1/A I5/A THD/% 

HC0 - 1365 97 7.2 

HC1 75 93.2 29.6 31.7 

HC2 75 72.4 26.6 41.2 

HC3 75 96.6 30.4 32.8 

HC4 75 102.2 30.4 32 

HC5 50 86 25.4 29 

 

 
(a) 

 

(b)                     (c) 

Fig. 17. Graphs of I5 and THD in the HC0. (a) I5 and THD before 
filtering. (b) I5 and THD with the PDTF. (c) I5 and THD with a 
PPF. 
 
harmonic current (I5) and its total harmonic distortion (THD) 
in the HC0 are shown in Fig. 17. 

Filtering performances of the PDTF and a PPF as shown in 
Fig.17 (taking phase A as an example) are as follows. 

(1) Before filtering (Fig. 17(a)), the 5th harmonic current 
and the THD of the nonlinear load are 97A and 7.2%, 
respectively. 

(2) With the dynamic filtering method (PDTF) proposed in 
this paper (Fig. 17(b)), the 5th harmonic current and the THD 
are reduced to 46A and 3.6%, respectively. The PDTF 
absorbed 51A of the 5th harmonic current. The absorption rate 
is 52.6%. The THD decreased by 50%. 

(3) By the traditional passive filtering method (PPF), the 
5th harmonic current and current distortion rate are 66.6A and 
5.3%, respectively. The PPF absorbed 30.4A of the 5th 
harmonic current. The absorption rate is 33.4%. The THD 
decreased by 26.3%. 

It can be seen from the above results that, under the same 
nonlinear load, the dynamic filtering method proposed in this 
paper is superior to the traditional passive filtering method 
and that its filtering performance is excellent. 

The PDTF has been proposed to eliminate harmonic currents 
at different geographic places to comply with the IEEE-519 
harmonic standard [11] by using a low voltage distribution 
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system. It has been found that the PDTF can effectively 
eliminate current harmonics in different geographic places. It 
has been shown that the PDTF is able to reduce the THD of 
supply currents to well below the 5% limit prescribed by the 
IEEE-519 standard. 

 

VII. CONCLUSIONS 

According to the harmonic characteristics of a ship electric 
propulsion system, their treatment methods and effective 
measurements have been studied to suppress and prevent the 
ship power system from affecting ship operation due to the 
serious damage caused by harmonics. By analyzing the PDTF, 
the control principle is discussed in detail. In addition, a 
method for fully tuning of the PDTF is proposed. Through 
the structure design of the ECRITHS and harmonic influence 
coefficient modeling, simulation evaluations are completed. 
The ECRITHS is equivalent to a reactor with a variable 
inductance. The designed IF can suppress the harmonics 
generated by the PEIC. It can be concluded that the harmonic 
current generated by the PEIC can be completely absorbed by 
the IF, if  can be adjusted close to 0. Experiments on the 

harmonic suppression of a ship electric power propulsion system 
have been completed. Multiple PDTFs can be configured to 
realize multi-order simultaneous dynamic filtering, and can 
effectively eliminate the current harmonics of the ship electric 
propulsion system to reduce the THD of the supply currents 
to well below the 5% limit prescribed by the IEEE-519 
standard [11]. The PDTFs can also eliminate harmonic currents 
in different geographic places. It has been shown that the 
PDTF is able to reduce the THD of supply currents to well 
below the 5% limit specified by the IEEE-519 standard. 

It is believed that this research is promising when a 
sufficiently developed technological basis is available. In 
order to further eliminate the detuning caused by filter capacitor 
capacity variation, an analysis and discussion should be made 
on the influence of the harmonic suppression of different 
filter capacitors on ship electric propulsion systems in future 
studies. 
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