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INTRODUCTION

Recently, application of power electronic devices to marine 
systems has been wider and wider, which can be seen from 
the fact that the number of power electronic devices equipped 
in ships is increasing very quickly and the capacity of these 
devices in ships is becoming larger and larger. As a result, in 
a ship, electrical power energy consumed by power electronic 
devices occupies a continuously increasing proportion of the 
gross electrical energy produced by the ship. But harmonics 
produced by power electronic devices such as frequency 
converters or soft starters cause distortion of the current 
waveform and voltage waveform of the electric network, as 
well as having a remarkable influence on safety and capacity 
in the choice of electric network, which makes harmonic 
pollution in a marine electric network more and more serious 
and difficult to estimate [11, 16]. Furthermore, impedances of 
generators designed for ships are relatively higher than those 
of overland power sources, which worsens current distortion 
in marine electric networks. Another problem of marine 
electrical power quality is a low power factor. The selected 
capacity of ship equipment is usually very conservative and 
its power factor during routine operation is correspondingly 
lower since a marine electric network is a kind of low capacity 
isolated network when compared with an electric network that 
operates on shore. But the reliability of ship operation plays 
a vital role in safety of navigation, which leads to a substantial 
safety consideration in the design of a marine electric network. 
This is evident in the rules of marine electric network power 
quality issued by the majority of shipping classifications in 

the world, which are not less strict, or are even stricter, than 
the rules of public electric network power quality issued in 
international standards [4, 13, 14, 17]. For example, the limit 
of stable voltage adjusting rate is between +2.5% and –2.5% 
as ruled by the China Classification Society, and the limit of 
stable voltage fluctuation is 3.3% in IEC EMC 61000-3-11 
[4, 5]. As another example, the limit of total voltage harmonic 
distortion (THDV) is 5% as shown in the national standards of 
low voltage (0.38kV) public electric network of China, while 
comparatively, the mentioned parameter ruled by DNV (Det 
Norske Veritas – Norwegian classification society) and ABS 
(the American Bureau of Shipping) is 5% too. But the fact 
is, it is more difficult to obtain an improvement of the power 
quality of a marine electric network than that of an overland 
electric network due to the characteristics of marine electric 
networks [10].

Hitherto, the majority of achievements in the field of product 
design for power quality improvement have been restricted 
to overland electric networks. There is still a lack of reports 
showing significant progress of power quality improvement 
technology applied to ship electric networks. Nevertheless, 
even considering the practical products which have been 
applied to overland electric networks, their applied effect has 
not been satisfactory due to the limitation of control effect and 
the accuracy of measurement of the electric network in the 
aspects of active power, reactive power, power factor and high 
order harmonics. That is, it is reasonable to design a new circuit 
for a marine electric network to depress harmonics and correct 
the power factor under the consideration of characteristics of 
a marine electric network.
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circuit aided by shunt passive filter) for harmonic suppression and power factor correction in a marine 
electric network. By employing the proposed hybrid circuit, marine electric power network voltage and 
current can be maintained as being sinusoidal, and the power factor is close to 1. The effectiveness of 
the proposed method that is applied to a marine electric network is demonstrated through a simulation 

experiment. The results show that the expected performances are achieved.
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HYBRID APF/PFC/PPF CIRCUIT

Definitions of harmonic distortion 
and power factor

Normally, distorted power, based on Budeanu’s concept, 
is defined as [18]:

(1)

The most popular parameters describing the above-
mentioned distortions are the total harmonic distortion 
coefficients THDV and THDI, voltage and current respectively, 
as shown in formulas (2) and (3).

(2)

(3)

where V1 is root mean square value of the fundamental 
harmonic, n is order of harmonics, and Vn is harmonic voltage 
when the order is n. Normally, THDV and THDI are obtained 
when nmax is 40 or 50, where nmax is the highest harmonic order 
in the process of defining THDV or THDI.

The definition of power factor is shown in formula (4), where 
total power factor λ is the arithmetic product of displacement 
power factor λφ and the distortion power factor λD. Formulas 
(5) and (6) show the definitions of λφ and λD respectively. The 
total power factor λ can be described as formula (7), where 
S1 is the apparent power under fundamental frequency, P is 
active power, Q is reactive power, D is distorted power and 
S is apparent power.

λ = λφ · λD                                (4)

(5)

(6)

(7)

The design of harmonic suppression and power factor 
correction solutions for ship use aims to minimize the quantities 
of Q and D in equation (7) to improve the total power factor λ 
in the marine electric network environment [9].

Design of Hybrid APF/PFC/PPF Circuit

In this paper, the designed Hybrid APF/PFC/PPF Circuit is 
a combination of SAPF (series active power filter) and active 
PFC (power factor correction circuit) aided by a shunt passive 
filter, which is shown in Fig. 1.

Application of this design takes into consideration that 
a marine electrical power system is very different from 
a land power system, because of its character, i.e. an isolated 
power system, where the capacity of a heavy load in a ship is 
comparable to that of a ship electrical power station. Moreover, 
the impedance of generators designed for ships is higher than 
that of a land power source, which worsens voltage deviations 
in marine electric networks. Also a heavy load gives an electric 
network a great impact and causes a considerable voltage 
drop and frequency oscillations of the electric network at the 
moment it is switched on. At the same time, power electronic 
devices generally are used in ship systems and cause distortion 
of current, and in consequence, voltage waveforms. Taking into 
account the complexity of the considered matter, it means that 
the load variation range and variation frequentness, and many 
kinds of disturbances covering the current as well as the voltage 
character (including their harmonics) must be considered. At 
the moment to mitigate harmonics, mainly passive power filters 
(PPF), and rarely parallel active power filters (APF) in marine 
technology are used. To improve the dynamic properties of 
a marine electrical power station and to reduce the power of 
filtering circuits, a hybrid filter concept for marine electric 
networks was investigated.

A new type of hybrid solution for a marine electric network 
was considered as a study and research for the general case 
of a marine electric network, including voltage sensitive (in 
the meaning of voltage quality) loads as well as voltage non-
sensitive loads. Both of them may be easily appointed in the 
marine networks, e.g. all computer-aided control, alarm and 
monitoring systems are strongly sensitive voltage loads, while 
in contrast the heaters are voltage non-sensitive loads. On the 

Fig. 1. Configuration of Hybrid APF/PFC/PPF Circuit
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other hand, power converters generate mainly current, but also 
voltage harmonics, so they generally require a compensation 
voltage and current harmonics.

In Fig. 1, the SAPF and shunt PF constitute a combined 
system of series active power filter and shunt passive filter. 
Based on the following two reasons, the combined series active 
power filter is designed to be included in the Hybrid APF/PFC/
PPF Circuit. Firstly, the capacity of a marine power station, as 
well as the capacity of a single generator contained in a power 
station, becomes higher and higher, but due to the characteristics 
of a marine generator, source voltage harmonics are rather 
considerable when compared with those that can be found in an 
overland network. The SAPF is first of all a controlled voltage 
source, and it is connected in series between an electrical power 
supplier and a linear load. The authors have distinguished two 
kinds of load: one is the voltage sensitive load (VSL) and the 
second is the voltage non-sensitive load (VNSL). The SAPF 
can compensate voltage harmonics and improve quality of 
voltage supplied to the voltage sensitive load (VSL). That is, 
the SAPF is suitable for harmonic suppression in distorted 
supply voltages [3]. Secondary, large rated cycloconverters 
and thyristor converters are more and more frequently applied 
to marine systems whose capacity occupies an incremental 
percentage of the total capacity of electrical power. When the 
combined system of shunt passive and series active power 
filter is applied, the shunt PF acts as the main bearer to fulfil 
the task of current filtering, while the series APF does not act 
rather as a harmonic compensator but mainly as a harmonic 
isolator. It decreases source harmonics flowing into the shunt 
PF and causing resonance. Also the required rating of the 
series active filter will be reduced to less than 1%, as compared 
with the rating of a 3-phase 6-pulse thyristor converter or 
cycloconverter, that is, the required rating of series APF is much 
smaller than that of a conventional shunt APF [12]. Thereby, 
application of a combined system of shunt passive and series 
active power filter results in better filtering characteristics and 
lower initial and running costs. In the SAPF shown in Fig. 1, 
L0 and C0 constitute a set of a small capacity filter which is used 
to suppress high frequency pulsating voltage and current caused 
by the high frequency switching of the converter.

A combined system of shunt passive and series active power 
filter is not sufficient for marine electric network application. 
There are two reasons to develop this filter structure. As 
mentioned in the first paragraph of this work, the problem 
of a low power factor may cause a serious problem in ship 
electric networks and even cause breakdown of an electrical 
power station during the starting process of bulk load. SAPF 
is able to improve the operational environment mainly for 
loads generating voltage harmonics. In contrast, a shunt APF 
is very effective in depression network current harmonics, 
usually generated by a non-linear load. Furthermore, the effect 
of network current harmonic mitigation is not so effective due 
to the inherent deficiencies of shunt PF, which, undoubtedly, 
contributes to suppressing the majority of current harmonics. 
In the authors’ opinion a solution is to include an active PFC 
(power factor correction) circuit in the Hybrid APF/PFC/
PPF Circuit. The active PFC circuit is expected to solve the 
problem of the low power factor in the electric network, and 
simultaneously acts as a current harmonic filter to suppress 
network current harmonics additionally. Taking that into 
consideration, the active PFC circuit is located between the 
SAPF and the shunt PF.

While both the combined system of shunt passive, the series 
active power filter and the active PFC circuit are concerned, 
each of these works as a supplementary means of the other one, 
and they work together to suppress harmonics and compensate 

reactive power at the same time more effectively, assuming 
that superiorities of different types of compensation devices 
are mutually complementary. It is also anticipated that, for 
a marine electric network – an independent small capacity 
electric network in a complex environment and requiring 
a quick response to harmonics suppression and reactive power 
compensation – the proposed solution will meet the demand 
of a marine electric network for high-speed and accurate 
measurement and management of harmonics and reactive 
power. Moreover, taking into consideration the possibility of 
harmonics suppression and reactive power compensation, the 
suggested solution will lead to the achievement of significant 
energy saving.

Control algorithm of Hybrid APF/PFC Circuit

The key technology to achieve a rapid and accurate 
effect of electric power quality compensation in ship electric 
networks, considering the application of the Hybrid APF/PFC 
Circuit, is the high operational performance of the SAPF and 
the active PFC circuit in the Hybrid APF/PFC Circuit due to 
the complicated operational environment of ship loads and 
high frequency of a wide range of variation of load operating 
mode.

For an active power filtering or an active power factor 
correction circuit, the detection circuit of harmonics and reactive 
current is an important part that determines its compensation 
characteristics. Generally speaking, in practical application, 
there are two major types of harmonics and reactive current 
detection methods. One is based on series expansion of 
Fourier Transform [2], while the other is based on the theory 
of Instantaneous Reactive Power of a 3-phase circuit, also 
called the p-q method [1]. The former method is able to 
detect a detailed values of harmonics series or the harmonics 
of a specified frequency band, which qualifies it for fault 
diagnosis and protection of the electric network, but its real time 
operational property of current detection is not satisfactory. The 
latter method has quite good properties in real time detection 
but is not able to work effectively when the source voltage 
is distorted [19]. Nevertheless, the theory of Instantaneous 
Reactive Power of a 3-phase circuit has been the most used 
until now in the control of active power filters [15]. Of course, 
there are quite a number of other types of harmonics detection 
methods, e.g., the adaptive harmonic current detection method 
[8] and the predictive current detection method [6]. The fact is 
that all these proposed methods are still in the stage of research 
and development and lack practicability. A current detection 
method based on an improvement of the Instantaneous Reactive 
Power theory of a 3-phase circuit, which is called the ip-iq 
method, is being developed to effectively detect load current and 
divide the load current into the fundamental active component, 
fundamental reactive component and harmonic component with 
accuracy and real-time property even when the source voltage 
is distorted or 3-phase unbalanced [19]. Its working principle 
is expressed concisely in this paper by Fig. 2.

In Fig. 2, voltage vector Va stands for phase A voltage of 
power source, with its instantaneous value νa = Vm sinωt, where, 
Vm is amplitude of phase voltage. It provides a PLL (phase-
locked loop) circuit with the phase information of sinωt and 
cosωt, with appropriately defined signs. In this detection and 
control system, three types of coordinates are involved, among 
which the “3-phase coordinate” and “αβ coordinate” are static 
coordinates and the “pq coordinate” is a rotary coordinate with 
its angular velocity ω – the angular velocity of source voltage. 
The quantities ia, ib, ic are the detected 3-phase line currents of 
the electrical power network respectively. 
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In Fig. 2a, iah, ibh, ich are the 3-phase harmonic currents 
respectively and iaf, ibf, icf are the 3-phase fundamental currents 
respectively. In Fig. 2b, iafp, ibfp, icfp are the 3-phase fundamental 
active currents respectively, and iafq, ibfq, icfq are the 3-phase 
fundamental reactive currents respectively.

The relationship of the variations in Fig. 2 is:

(8)

where:

So the fundamental current is:

(9)

where  is the inverse matrix of Cpq, and  = Cpq.  is the 
transposed matrix of C32. The output of LPF (low pass filter),

 and , are the direct current value of ip and iq respectively. Iaf, 
ibf, icf are 3-phase fundamental currents respectively. Afterwards, 
the compensation current of harmonic current is:

(10)

Based on the aforementioned harmonic signals which are 
obtained according to the ip-iq method, activity of appropriate 
filters can be fulfilled.

In the designed SAPF/PFC circuit, considering that the 
conventional source voltage provided by a ship electrical 
power station is distorted in evidence and even a little bit 
3-phase unbalanced in a degree, the ip-iq method is applied to 
determine the compensation current. Furthermore, in Fig. 2b, 
the channel of current iq is disconnected, then the signal iq that 
goes through the LPF is 0, and the equation (8) becomes:

(11)

where only active current can be found in its output of  and 
, that is, the output of transposition of coordinate converter 

( ) leaves fundamental active current only. The difference 
in value between the detected current (ia, ib, ic) and the output 
of  is the sum of fundamental reactive current (iafq, ibfq, 
icfq) and harmonic current (iah, ibh, ich). At that time, the final 
result of current calculation in Fig. 2b expresses the sum of 
harmonic current and fundamental reactive current. When 
this result acts as the instruction value of the compensation 
current, the compensation of fundamental reactive current and 
the compensation of harmonic current are able to be fulfilled 
simultaneously. Furthermore, since the method of 3-phase 
asymmetry control is adopted, the negative sequence current 
produced by the system itself counteracts the input negative 
sequence current, so that the simultaneous compensation of 
negative sequence current is realized [7].

The reactive and harmonic current detection algorithm 
adopted in the active PFC circuit in the Hybrid APF/PFC 
Circuit is the ip-iq method as shown in Fig. 2b, which is under 
consideration for its function of both power factor correction 
and harmonic current compensation, and the source voltage 
is distorted in ship electric networks.

For the SAPF, in order to compensate harmonic voltage 
accurately and in real time, its harmonic voltage detection 
algorithm is similar to the harmonic current detection algorithm 
which is shown in Fig. 2a, where supplied voltage of va, vb, vc 
are measured from the output of the power supplier, then vp 
and vq are obtained through matrix transform of C32 and Cpq, 
and after the low pass filter,  and , which are DC quantities 
of vp and vq corresponding to 3-phase fundamental voltages 
vaf, vbf, vcf, are obtained. 

After matrix transform of   and , 3-phase fundamental 
voltages vaf, vbf, vcf are detected. Afterwards, harmonic voltages 
vah, vbh, vch are obtained, according to which the 3-phase instruction 
voltage of the power electronic converters, corresponding to –vah, 
-vbh, -vch, are ascertained and adopted to control the on-off state 
of the six switching units in the main circuit.

For the shunt passive filter in the Hybrid APF/PFC/PPF 
Circuit, its parameters are designed according to the L-C 
Resonance Principle to suppress the 5th and 7th order current 

Fig. 2. Fundamental principle of the compensation current determined by ip-iq method, 
a) detection of harmonic current, b) detection of the sum of harmonic current and reactive current
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harmonics, as well as higher order current harmonics, caused by 
the nonlinear load while it operates in rated conditions, since the 
eigenvalue of harmonics caused by the adopted nonlinear load 
is 5th and 7th order harmonics, 11th and 13th order harmonics, etc. 
The operational performance is not so satisfactory if the shunt 
passive filter operates alone, for a shunt passive filter does not 
employ any control algorithm and its parameters are fixed.

SIMULATION EXPERIMENTS

The simulated experimental platform of a marine electric 
network – including the marine synchronous generator, as 
well as the linear load and nonlinear load – is established. 
The parameters of the simulated power source are those of 
a synchronous generator for marine use which is made in 
Shanghai Electrical Machinery Plant of Shanghai Electric 
Group Co., Ltd. Its type is TFH-400/6 - Salient-pole 
synchronous generator. Its nominal data are: 400 kVA, 400 V 
line voltage, 50 Hz, 1000 rpm. Relevant reactance data are (pu): 
d-axis reactance (Xd) is 1.728, d-axis transient reactance (Xd’) 
is 0.384, d-axis subtransient reactance (Xd”) is 0.1793, q-axis 
reactance (Xq) is 0.865, q-axis subtransient reactance (Xq”) 
is 0.181, leak reactance (Xl) is 0.113. The simulated current 
harmonic source is a 3-phase nonlinear load which is a 3-phase 
full-controlled rectification bridge circuit followed by a resistor 
of 10 Ω, and the trig angle of each of the 6 thyristors in the 
rectification bridge is 0°. The linear load is a 3-phase RL load 
with nominated power 20 kVA. In the shunt passive filter, the 
values of “L” and “C” in each phase are 2 mH and 200 microF 
respectively in the 5th single-tuned harmonic filter, 2 mH and 
100 microF respectively in the 7th single-tuned harmonic filter, 
and 0.37 mH and 175 microF respectively in the high pass filter, 
and “R” in each phase of the high pass filter is 5Ω. For the PFC 
circuit and the SAPF, the capacitor in shunt connection in the 
DC side of the converter of both the PFC circuit and SAPF is 
2 microF, while each phase reactance that connects the PFC 
circuit and the network, as well as the SAPF and the network, 

is 5 mH. Furthermore, for the design of the SAPF, its low-pass-
filtering part adopts the second filter module with its cut-off 
frequency 20 kHz.

The registered voltage waveform and current waveform in 
the sub-switchboard of the nonlinear load are shown in Fig. 3. 
In Fig. 3, THDV of the voltage supplied to the nonlinear load is 
4.94%, THDI of the nonlinear load harmonic current is 30.55%, 
and the network total power factor is 0.72.

In the simulation experiment, a comparison between the 
operation of a combined system of shunt passive and series 
active power filter and the operation of the Hybrid APF/PFC/
PPF Circuit is carried out. In the first step of the experiment, 
only a combined system of shunt passive and series active 
power filter operates in the simulated marine electric network. 
The experimental result of the network voltage and current 
waveforms and their spectrum are shown in Fig. 4. In the second 
step of the experiment, the Hybrid APF/PFC/PPF Circuit is 
put into operation in the simulated marine electric network. 
The experimental result of the network voltage and current 
waveforms and their spectrum are shown in Fig. 5. In Fig. 4, 
THDV of the voltage supplied to the nonlinear load is 3.89%, 
THDI of the nonlinear load harmonic current is 12.58%, and 
the network total power factor is 0.90. In Fig. 5, THDV of the 
voltage supplied to the nonlinear load is 3.13%, THDI of the 
nonlinear load harmonic current is 6.19%, and the network 
total power factor is 0.99.

In the simulation experiment, a comparison between the 
operation of a combined system of shunt passive and series 
active power filter and the operation of the Hybrid APF/PFC/
PPF Circuit is carried out. In the first step of the experiment, 
only a combined system of shunt passive and series active 
power filter operates in the simulated marine electric network. 
The experimental result of the network voltage and current 
waveforms and their spectrum are shown in Fig. 4. In the second 
step of the experiment, the Hybrid APF/PFC/PPF Circuit is 
put into operation in the simulated marine electric network. 
The experimental result of the network voltage and current 

Fig. 3. Voltage and current waveforms and spectrum of harmonic source, 
a) waveforms of network voltage and nonlinear load current, b) spectrum analysis.
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Fig. 4. Voltage and current waveforms and spectrum obtained after the operation of a combined system of shunt passive and series active power filter, 
a) waveforms of network voltage and current, b) spectrum analysis

Fig. 5. Voltage and current waveforms and spectrum obtained after operation of the Hybrid APF/PFC/PPF Circuit, 
a) waveforms of network voltage and current, b) spectrum analysis

waveforms and their spectrum are shown in Fig. 5. In Fig. 4, 
THDV of the voltage supplied to the nonlinear load is 3.89%, 
THDI of the nonlinear load harmonic current is 12.58%, and 
the network total power factor is 0.90. In Fig. 5, THDV of the 
voltage supplied to the nonlinear load is 3.13%, THDI of the 
nonlinear load harmonic current is 6.19%, and the network 
total power factor is 0.99.

The effectiveness of the filtering circuits under consideration 
was evaluated not only based on their filtering properties, expressed 
by related THD values, but also taking into consideration such 
parameters as max (Ih/I1), active power factor λ, estimated cost of 
realization and the influence of Δf = ± 5% fn (rated frequency) 
changes on the filtering properties. It was verified that the 
efficiency of a passive parallel filter (PPF) alone is compromised 
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when the frequency is deviating. So to improve this situation, 
a hybrid filter construction should be applied, but at least two 
criteria must be taken into account at the same time: harmonic 
mitigation and sensitivity to frequency deviation. The solution 
based on combined SAPF/PFC/PPF configuration displays the 
best ability for power quality improvement; however, it is quite 
an expensive solution and the most susceptible to the marine 
environment itself. It requires careful design and manufacture 
of hardware parts in order to be resistant to marine conditions, 
i.e. vibration, humidity, high temperature.

CONCLUSION

According to the comparison of the experimental results 
of network voltage and current waveforms and their spectrum 
in the environment of a simulated marine electric network, it 
can be concluded that the combined system of shunt passive 
and series active power filter is able to improve the network 
harmonics and power factor, but it is not adequately effective 
in suppressing current harmonics and improving the power 
factor. In contrast, application of the Hybrid APF/PFC/PPF 
Circuit gives satisfactory result in both voltage and current 
harmonics suppression and power factor correction. That is, 
due to the importance and complicated nature of the problem 
of marine electrical power quality, application of the designed 
Hybrid APF/PFC/PPF Circuit to a marine electric network 
to improve the problem of harmonics and low power factor 
is a reasonable choice since it shows considerable merits 
in harmonic suppression and power factor correction in the 
environment of a marine electric network.
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