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Abstract—The rapid development of modern vessel leads to
higher demands on the optimization and integration of shipboard
power supply system (SPSS). In this article, a compact-design
oriented 12-pulse parallel operating transformer employing shared
integrated filter is presented for power quality improvement of
SPSS with reduced installation space. The proposed SPSS is fea-
tured with harmonic-free power supply and high integration of
power equipment. The system topology is introduced first, and the
distinctive compensation principle is then analyzed. Taking into
account both of the winding impedance matching and transformer
size optimization, minimum radial dimension is searched and deter-
mined in the interval of approximative zero-impedance. Moreover,
the inductance calculation method of integrated reactor together
with its design domain is further given out. At last, the prototype of
the proposed SPSS is tested in laboratory. The experimental results
verify the feasibility and effectiveness of the proposal.

Index Terms—Integrated reactor, power quality, shipboard
power supply system (SPSS), zero-impedance design.

I. INTRODUCTION

INTEGRATION, modularization, and systematization are
the design concept for the future all-electric shipboard power

system [1]–[3]. Compared with traditional shipboard supply
system, all-electric shipboard has the advantages of optimization
of equipment configuration, improvement of space utilization,
enhancement of shipboard stability, and improvement of
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shipboard crypticity. Due to the deprecation of rotary converter
set, the power electronic converter becomes the core of
increasing electrical equipment, such as variable-frequency
drives, and efficient lighting and radar [4].

Harmonic performance is an essential requirement of power
electronic based all-electric shipboard power system [5], [6].
The IEEE recommended practice of shipboard design indicates
that harmonic distortion is possible to cause overheating of
other elements in the distribution system and improper oper-
ation of power devices [7]. Taking propulsion transformer as
an example, harmonic components can drive heat loss within
the transformer. These losses include eddy currents, hysteresis,
copper losses, and stray flux losses, which may cause failure
due to overheating. Moreover, the potential resonance may be
excited between transformer winding inductance and supply
capacitance in some extreme cases. To enhance the power system
robustness, additional capacity of transformer is always required
when supplying nonlinear loads [8], [9].

Following methods are considered as general practice for
power quality improvement of shipboard.

1) Heavy filter: Passive filter requires large installation space,
which is not satisfied with the development tendency of
high integration and high power-density of all-electric
shipboard. Moreover, the passive filter generally adopts
partial tuning design to avoid resonance risk, which in-
evitably results in poor filtering performance [10]–[13].

2) Multiphase rectifier with small filters: Two or more phase-
shift transformers are installed to constitute multiphase
rectifier. Cooperated with a small filter, harmonic elimi-
nation can be realized [14]–[16]. However, there must be
tradeoffs between increased phase count (viz. increased
rectifier complexity) and improved power quality.

3) Pulsewidth modulated (PWM) operation with higher
switching frequency: Advanced PWM technology is able
to realize satisfactory supply quality. The complicated
control strategies virtually increase the realization diffi-
culty and reliability compared with passive method [17]–
[19].

Some latest scientific studies also involve the three methods.
A cost-effective compensator based on fixed capacitor-thyristor
controlled reactor is added to the main switchboard in parallel
as an additional device in [11]. The compensator has the advan-
tages of wide compensation range and high harmonic filtering
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ability. But the large volume makes it unsuitable for installation
within restricted space. Kim and Lai [14] proposed a shunt
Y-Δ transformer with 30° phase shift to replace the phase-shift
transformer in shipboard, so that the harmonics can be trapped
into the transformer and, thus, be offset, which realizes the same
harmonic cancellation performance with reduced transformer
size. However, it loses the function of voltage conversion and
insulated isolation. Furthermore, a space vector PWM strategy is
proposed to suppress the switching frequency harmonics in [17].
The fluctuation of converter current is reduced due to voltage
space vector, and thus, the lifetime of dc capacitor is extended.

Designed for the residential distribution station and marine
application, where the installation space of power equipment
is strictly restricted, C. Liang et al. [20] presented a filtering
reactor integrated method. By means of the inverse symmetry
design on the transformer coil, the winding can be decoupled
and work as an independent filtering reactor. Compared with
the conventional reactor, which requires enough distance to
avoid electromagnetic interference [21], the installation space
of integrated reactor (IR) is considerably reduced, while the
radial dimension of transformer is slightly increased. Similarly,
the inductive power filtering method utilizes the transformer
winding to realize harmonic elimination, but also improves
the electromagnetic environment inside the transformer and
enhances the operating efficiency [22]. The abovementioned
filtering methods are collectively named transformer integrated
filtering method (TIFM) in this article.

Based on TIFM, this article proposes a compact-design ori-
ented 12-pulse parallel operating transformer with shared inte-
grated filter for the all-electric shipboard power supply system
(SPSS), with the characteristics of high integration, harmonic
free, and low loss. The main tasks dealt in this article are listed
as follows.

1) The filtering mechanism is revealed by means of the circuit
model. The flowing path of harmonic components in the
TIFM based SPSS (TIFM-SPSS) is analyzed.

2) To balance the zero-winding-impedance constraint and the
overall size optimization, the minimum radial dimension
of the transformer is obtained in the interval of approxi-
mative zero-impedance.

3) The inductance design method of IR is further studied.
And the available inductance interval is given out.

4) The feasibility and effectiveness of TIFM-SPSS is testified
by the down-scaled prototype.

This article is organized as follows. The system topology
of TIFM-SPSS is introduced in Section II. In Section III, the
filtering mechanism is revealed by means of circuit model. In
Section IV, the compact design of the zero-impedance winding
and the integrated reactor design are further illuminated.
Moreover, Section V gives the experimental results. Finally,
Section VI concludes this article.

II. SYSTEM TOPOLOGY

Fig. 1 shows the comparison of the proposed TIFM-SPSS
and the conventional topology. Two pair of main generators
are adopted in parallel as the power source, each pair includes

Fig. 1. Comparison between (a) traditional SPSS and (b) TIFM-SPSS.

two diesel generators with different capacity, which is beneficial
to enhance the redundancy and supply reliability [23]. All the
generators are connected to the main switchboard, which can
be regarded as the point of common coupling, the switchboard
is responsible for the power distribution of propulsion drive
load and ship service load. The Y-Δ connected transformer
is used for ship service load (communication load, navigation
load, hotel load, etc.) with less harmonic generation. Power filter
is connected to switchboard for power quality management in
conventional structure [11], [12], while it is always bulky (for
passive filter) or high cost (for active filter).

Compared the proposal with conventional structure, the main
difference is the propulsion transformer. To constitute 12-pulse
rectifier, the traditional topology uses two two-winding trans-
formers, whose secondary windings adopt Y-connection and
Δ-connection. In this way, only 12i±1 (i = 1, 2, 3 …) order
harmonic components exist in the current flowing into the gen-
erators. Even so, the power supply quality cannot be satisfied
in some cases. The proposed structure uses two inductive filter-
ing transformers with integrated reactor (IFT-IR) to constitute
12-pulse rectifier, as shown in Fig. 1(b). Two sets of passive
filters tuned at 11th and 13th harmonic frequencies connect to
the system via the common bus and filtering winding of IFT-IR.
Most of the harmonics are eliminated by the common bus and
passive filters, i.e., hardly any harmonics can be induced at the
primary side of the transformer.

As the model shown in Fig. 2, IFT-IR is a four-winding
transformer. The primary winding (W1) is connected to the
switchboard, and the load winding (W2) accesses to the rectifier.
The tertiary winding (W3) is used for harmonic suppression,
which adopts zero-impedance design, called filtering winding.
The integrated reactor is arranged at the outermost place of
iron core as the coupled winding (W4), with the aim to reduce
the electromagnetic coupling with power winding. The compact
design makes the total installation space of transformer and filter
smaller.

In sum, the proposed TIFM-SPSS has the following dominant
advantages.
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Fig. 2. Model of IFT-IR.

Fig. 3. Wiring scheme of the proposed IFT-IR.

1) High integration of power equipment: Thanks to the inte-
grated reactor and the compact winding design studied in
this article, the installation area is significantly reduced.

2) High power supply quality: 6i±1 (i = 1, 3, 5 …) order and
tuned order (11th and 13th) harmonics are suppressed by
the common bus and filters, which realizes high quality of
power supply.

3) Low operating loss: Due to most of the undesirable com-
ponents are eliminated by the tertiary winding, the trans-
former efficiency can be improved.

4) High redundancy and reliability: The adoption of two
sets of generators and transformers contributes to provide
limited continuous power under fault condition.

III. FILTERING MECHANISM

According to the winding wiring shown in Fig. 3, the current
in load winding of transformer #1 can be expressed as

i#1−2A = i#1−LA = 2
√
3

π Id
(
sinωt− 1

5 sin 5ωt− 1
7 sin 7ωt

+ 1
11 sin 11ωt+

1
13 sin 13ωt− 1

17 sin 17ωt

− 1
19 sin 19ωt+ . . .

)
.

(1)

Then, the current at load side of transformer #2 is

i#2−LA = 2
√
3

π Id[sin(ωt+
π
6 )− 1

5 sin(5ωt+
5π
6 )

− 1
7 sin(7ωt+

7π
6 ) + 1

11 sin(11ωt+
11π
6 )

+ 1
13 sin(13ωt+

13π
6 )− 1

17 sin(17ωt

+ 17π
6 )− 1

19 sin(19ωt+
19π
6 ) + . . .].

(2)

After transform of Y→Δ, the current in load winding is
obtained as

i#2−2A = 2
π Id[sinωt− 1

5 sin(5ωt+ π)− 1
7 sin(7ωt+ π)

+ 1
11 sin(11ωt+ 2π) + 1

13 sin(13ωt+ 2π)

− 1
17 sin(17ωt+ π)− 1

19 sin(19ωt+ π) + . . .].

(3)

Considering the current relationship between load side and
filtering side, the currents from two filtering windings flowing
into filters can be calculated as

i#1−fA = 6
π Id[k1 sin(ωt+

π
6 )− k5

5 sin(5ωt− π
6 )

−k7

7 sin(7ωt+ π
6 ) +

k11

11 sin(11ωt− π
6 )

+k13

13 sin(13ωt+ π
6 )− k17

17 sin(17ωt− π
6 )

−k19

19 sin(19ωt+ π
6 ) + . . .]

(4)

i#2−fA = 6
π Id[k1 sin(ωt+

π
6 ) +

k5

5 sin(5ωt− π
6 )

+k7

7 sin(7ωt+ π
6 ) +

k11

11 sin(11ωt− π
6 )

+k13

13 sin(13ωt+ π
6 ) +

k17

17 sin(17ωt− π
6 )

+k19

19 sin(19ωt+ π
6 ) + . . .]

(5)

where kn (n = 6i±1, i = 1, 2, 3 …) is current transform ratio
from load side to filter side, which is defined in the Appendix.

In this way, the composite current in the filtering bus bar can
be obtained as follows:

i#1−fA+i#2−fA = 12
π Id[k1 sin(ωt+

π
6 )

+k11

11 sin(11ωt− π
6 ) +

k13

13 sin(13ωt+π
6 )

+k23

23 sin(23ωt− π
6 ) +

k25

25 sin(25ωt

+π
6 ) +

k35

35 sin(35ωt− π
6 ) + . . .].

(6)

From the abovementioned equations, it can be found that, all
the harmonic currents [n = 6i±1 (i = 1, 3, 5 …)] generated by
the rectifier are cancelled each other out in the filtering bus bar.
Due to the zero-impedance design of the IFT-IR explained in the
Appendix, the tuned order harmonic currents (n = 11 and 13)
continue to flow into the filters and then be eliminated, which
means that most of the harmonics are suppressed in the filtering
winding.

Finally, the generator side current is expressed as

iGA = 4
√
3

π Id(kG1 sinωt+
1
23kG23 sin 23ωt+

1
25kG25 sin 25ωt

+ 1
35kG35 sin 35ωt+

1
37kG37 sin 37ωt+ . . .)

(7)



2092 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 2, FEBRUARY 2022

Fig. 4. Winding arrangement of IFT-IR.

where kGn is current transform ratio from load side to generator
side, which is also defined in Appendix.

Obviously, by means of the parallel filtering winding and the
filters, there is only fundamental current existing at generator
side expect for a small amount of high order harmonics. In other
word, hardly any harmonics can be induced at primary side.

IV. TRANSFORMER DESIGN

As discussed in the previous section, the equivalent
impedance of the filtering winding of the parallel operating IFTs-
IR should be or approximately be zero, which puts forward quite
high requirements on the winding structure design. Moreover,
to reduce the installation space of the shipboard power system
within restricted space, the filtering reactor has been integrated
into IFT-IR, it becomes important to study how to adjust the
winding distance to get the desired inductance.

This section mainly involves how to realize the zero-
impedance design of filtering winding and the inductance design
of IR.

A. Zero-Impedance Design

The equivalent impedance of transformer winding (Z1, Z2, and
Z3) can be calculated by the short-circuit impedance (Zk12, Zk13,
and Zk23) [24], i.e., Z3 = (Zk13+Zk23-Zk12)/2. However, the
short-circuit impedance between any two transformer windings
is strongly associated with the winding dimensions. Fig. 4 gives
the winding structure of IFT-IR. In the figure, r0 is core radius; r1,
r2, r3, and r4 are the center distance between core and winding;
r23 and r31 are the center distance between core and air gap;
a1, a2, a3, and a4 are the winding thickness; a02, a23, a31, and
a14 are the insulation distance between core and winding, or any
two windings; h is the height of the power winding (W1, W2,
and W3); hr is the height of upper or lower subcoil; hg is the air
gap width between upper and lower subcoils.

These distances can be calculated by⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

r2 = a02 +
a2

2
r23 = a02 + a2 +

a23

2
r3 = a02 + a2 + a23 +

a3

2
r31 = a02 + a2 + a23 + a3 +

a31

2
r1 = a02 + a2 + a23 + a3 + a31 +

a1

2
r4 = a02 + a2 + a23 + a3 + a31 + a1 + a14 +

a4

2 .

(8)

Furthermore, the short-circuit impedance between any two
windings can be obtained by⎧⎪⎪⎪⎨

⎪⎪⎪⎩
Zk12 = 2π2fμ0N1I1ρ12K

∑
D12

H12et

Zk13 = 2π2fμ0N1I1ρ13K
∑

D13

H13et

Zk23 = 2π2fμ0N1I1ρ23K
∑

D23

H23et

(9)

where f is the fundamental frequency; I1 and N1 are the rated
current and turns of primary winding, respectively;μ0 is absolute
permeability, andμ0 = 4π×10-7 H/m; ρxy is the Rogowski coef-
ficient between Wx and Wy; K is additional reactance coefficient;
�Dxy is the magnetic flux leakage area between Wx and Wy;
et is the electric potential of each turn; Hxy is arithmetic mean
height of Wx and Wy.

For the longitudinal leakage field of core structure trans-
former, Rogowski coefficient is calculated by⎧⎪⎪⎨

⎪⎪⎩
ρ12= 1−a2+a23+a3+a31+a1

πH12

ρ13= 1−a3+a31+a1

πH13

ρ23= 1−a2+a23+a3

πH13
.

(10)

The expression of magnetic flux leakage area used in (9) is⎧⎪⎪⎨
⎪⎪⎩

∑
D12 = a1r1

3 + a2r2
3 + (a23+a3+a31)(r2+a2/2+r31+a31/2)

2∑
D13 = a1r1

3 + a3r3
3 + a31r31∑

D23 = a2r2
3 + a3r3

3 + a23r23.

(11)

From (8)–(11), it can be concluded that all the short-circuit
impedances are interrelated to the transformer structural dimen-
sions. After the main parameters (rated capacity, rated voltage)
of the transformer are determined, the adjustment margin of
winding thickness or winding height is very small. The fine-
tuning of insulation distances a23 and a31 is a feasible way
to realize the desired impedance. When IFT-IR satisfies the
zero-impedance design, the following formula holds:

Zk13 + Zk23 = Zk12. (12)

According to these listed equations, Fig. 5 plots the surfaces
of short-circuit impedance [Zk12 and Zk13+Zk23] varied with
insulation distance, in which the adjustable insulation distances
a23 and a31 are used as independent variable. It can be observed
from Fig. 5 that, the two surfaces show an upward trend with
the increase of insulation distances a23 and a31. Due to different
slope of the two surfaces, there is an intersecting line [red line]
between the two surfaces. The intersecting line means the satis-
faction of (12). In consequence, to realize the zero-impedance
design of filtering winding, the parameter matching of the two
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Fig. 5. Relationship between insulation distance and short-circuit impedance.

Fig. 6. Projection area of a31-a23 and its extended plane.

insulation distances can be searched by means of the intersecting
line.

Moreover, Fig. 6 shows the projection area of a31-a23 and its
extended plane. Yellow area in Fig. 6 corresponds to a31-a23
plane in Fig. 5. The line with hexagram is just the intersecting
line in Fig. 5, in which all the matched distances are one-to-one
correspondence. Here, two different zero-impedance designs are
defined.

1) Absolute zero-impedance: the line with hexagram, Z3 =
0.00%.

2) Approximative zero-impedance: the area bounded by
lower and upper boundaries. Z3�[–0.1%, +0.1%]. As-
suming the filtering performance will not be influenced
by the slight change of winding impedance.

To realize the application of shipboard power system within
the restricted installation space, the radial dimension of the
transformer winding should be as small as possible, in premise of
enough insulation. Hence, it is necessary to explore in the margin
area of approximative zero-impedance. The radial dimension of
the transformer winding is defined as

d = r0 + a02 + a2 + a23 + a3 + a31 + a1. (13)

Under the condition of meeting the minimum insulation dis-
tance (amin = 5 mm or 8 mm), we try to find the minimum radial
dimension in the interval of acceptable winding impedance.
Fig. 7 exhibits the results. It can be concluded that, 1) with

Fig. 7. Relationship between Z3 and minimum radial dimension.

Fig. 8. Winding arrangement of integrated reactor.

the decrease of equivalent impedance, the corresponding min-
imum radial dimension is also reduced; 2) compared with the
absolute zero-impedance, the minimum radial dimension can be
reduced by 8.47% [amin = 8 mm] and 9.21% [amin = 5 mm],
respectively, when Z3 = –0.1%.

In conclusion, the minimum radial dimension can be searched
in the acceptable interval of equivalent impedance and insulation
distance in the transformer design process, so that the opti-
mization of transformer structural parameters can be realized.
Furthermore, Table I lists the transformer structural parameters
under different conditions.

B. Integrated Reactor Design

As the decoupling principle of IR has been thoroughly an-
alyzed in literature [20], this section mainly discusses the in-
ductance design of IR. Fig. 8 shows the winding arrangement
of integrated reactor. Wx (x = 1, 2, or 3) is power winding,
while W4 is the decoupled winding (i.e., IR) included two
series-opposing connected subcoils.

In the part of upper subcoil, the maximum of magnetic field
intensity and its volume are{

Bm = μ0I4N4x
hra4

dV = 2πr4a4 · dx. , x ∈ (0, hr) (14)

In the part between upper subcoil and lower subcoil, the
maximum of magnetic field intensity and its volume are{

Bm = μ0I4N4

a4

dV = 2πr4a4 · dx , x ∈ (hr, hr + hg). (15)
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TABLE I
STRUCTURAL PARAMETERS OF IFT-IR

In the part of lower subcoil, the maximum of magnetic field
intensity and its volume are{

Bm =
μ0I4N4(2hr+hg−x)

hra4

dV = 2πr4a4 · dx
, x ∈ (hr + hg, 2hr + hg). (16)

The maximum of magnetic field energy of the two subcoils
can be deduced by means of (14)–(16) as follows:

Em = 1
2

∫
BmHmdV = 1

2μ0

∫
B2

mdV

=
2πμ0I

2
4N

2
4

a4
· r4(hg +

2
3hr).

(17)

The maximum of magnetic field energy has the following
relationship with inductance:

Em = I24L. (18)

The inductance of IR can be deduced as

L=
2πμ0N

2
4

a4
· r4

(
hg +

2

3
hr

)
. (19)

Rogowski correction coefficient ρ is

ρ = 1− 1

πu
(1− e−πu)[1− 1

2
e−πv(1− e−πu)] (20)

where u and v represent{
u = a4

hg+2hr

v =
r4−r0− a4

2

hg+2hr
.

(21)

The actual inductance after correction should be

L=
2πμ0N

2
4 ρ

a4
· r4(hg +

2

3
hr). (22)

The structural parameters that influence the inductance of IR
include the height of the subcoil hr, the insulation distance a14,
the air gap width between two subcoils hg, and the winding thick-
ness a4. Once the rated current/voltage is determined, winding
thickness, and height are hardly changed. Fig. 9(a) shows the
inductance of IR varied with a14 and hg. The distribution range
of inductance is (0.72 mH, 0.97 mH), considering the minimum
insulation distance. Similarly, the inductance is proportional to
the distance parameters. Fig. 9(b) is the a14-hg projection area
in Fig. 9(a). Once the minimum air gap width and inductance
is determined, the insulation distance can be searched in each
inductance line. According to the designed value (0.8 mH) of
IR, the structural parameters are listed in Table II.

It can be learned that, because of the special structure of IR,
the main flux can be offset each other [20]; the inductance of IR

Fig. 9. Relationship between the structural parameters and the inductance. (a)
Three-dimensional surface. (b) a14-hg projection area.

TABLE II
STRUCTURAL PARAMETERS OF IR

is generated by the leakage flux, which uses the air gap as the
path. In other word, similar like air reactor, IR has the merit of
excellent linearity, and is suitable for using as filtering reactor.

V. PROTOTYPE TEST

An experimental prototype is built in the lab to test the
proposed TIFM-SPSS, as shown in Fig. 10. Tables III and IV give
the experimental parameters. The test results include three parts,
i.e., transformer test, filtering performance test, and fundamental
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Fig. 10. Experimental platform.

TABLE III
DESIGN PARAMETERS OF IFT-IR

TABLE IV
DESIGN PARAMETERS OF FILTER SET

Fig. 11. Test point of prototype.

power test. The experimental wiring scheme is exhibited in
Fig. 11, where 3 test points (a, b, and c) are chosen. Moreover,
the connection of IFT-IR with filter and rectifier can be referred
to Fig. 3.

A. Experiment 1: Transformer Test

IFT-IR is produced according to the parameters listed in the
last line of Table I. From Table III, it can be found that the
equivalent impedance of filtering winding is deviated from the
absolute zero-impedance design. Fig. 12 shows the measured
dimension of the prototype and its comparison with conventional
IFT (without IR). The total area of IFT-IR with approximative
zero-impedance design is 0.3 m2, while the installation area of
the conventional one is about 0.4 m2. It can be calculated that
25% installation area is saved.

Fig. 12. Comparison of the installation space between the proposal and
conventional IFT.

Fig. 13. Volt-ampere characteristics of IR.

Compared with the absolute zero-impedance design in Table I,
the radial dimension of the prototype is further reduced by 3.2%.
The reduced area can be calculated to be 6.3%.

Moreover, the volt-ampere test result of IR is shown in Fig. 13.
Red line and blue line represent for the variation of current
and sine of phase difference between voltage and current, re-
spectively. The volt-ampere curve shows a good linearity. After
computation, the inductance of IR is around 0.8 mH, and the
error is less than 5%.

B. Experiment 2: Filtering Performance Test

Fig. 14 shows the test results of the proposed TIFM-SPSS, and
Fig. 15 is the comparison test with the conventional structure
(i.e., the parallel filtering winding and the filters are in open
circuit). Table V lists the harmonic content. It can be observed
from Fig. 14 that, with the help of the common bus and the
shared filter, the currents induced at the primary side of the
two transformers are with good quality, which validates the
mathematical derivation in Section III. Power quality at Point a
is considerably improved compared with conventional structure
in Fig. 15.

It is worth noting the highlighted part in red in Table V that,
all the n = 6i±1 (i = 1, 3, 5 …) order harmonic currents are
inevitably induced at the primary side of the transformer in con-
ventional structure (Points b and c). However, such phenomenon
is not existed in the proposal, which means that these harmonics
are offset each other in the common bus. It is considered as the
main difference and innovation of the proposal. Total harmonic
distortion (THD) of current at primary side (Points b and c) is
greatly reduced, while the drop at source side reaches 34.7%.
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Fig. 14. Waveforms of primary side voltage and current for the proposal (recorded by HIOKI-PW 3198). (a) Source voltage. (b) Current at Point a. (c) Current
at Point b. (d) Current at Point c.

Fig. 15. Waveforms of primary side voltage and current for the conventional SPSS (recorded by HIOKI-PW 3198). (a) Source voltage. (b) Current at Point a.
(c) Current at Point b. (d) Current at Point c.

TABLE V
HARMONIC CURRENT CONTENTS OF TEST RESULTS

Furthermore, the voltage harmonic spectrum is provided in
Fig. 16, corresponding to Figs. 14(a) and 15(a). Most obviously,
the content of 11th and 13th harmonics is reduced. However, this
drop is not as sharp as the current harmonic, due to the impact
of background harmonic. For the two scenarios, THD of voltage
(THDV) are 2.12% for TIFM-SPSS and 2.80% for traditional
SPSS.

C. Experiment 3: Fundamental Power Test

Table VI shows the test results of transformer efficiency. Px

(x = 1, 2 or 3) is the active power measured at the primary

Fig. 16. Harmonic histogram of voltage at primary side of transformer.

winding, load winding, and filtering winding (corresponding
to W1, W2, and W3). η ( = P2/P1) is the transformer ef-
ficiency. Second line of Table VI is the no-load loss of the
transformer. Compared with the transformer efficiency before
and after implementing filter, it can be found that the operating
loss is reduced, while the efficiency of the whole supply system
is increased by 0.87%, which can be attributed to the harmonic
elimination and reactive power compensation at the secondary
side. Moreover, P3 in the Table indicates the low resistive loss
in the filtering branches.

Furthermore, Table VII lists the test results of power factor
of the conventional supply system (no filter) and the proposal.
Compared with the conventional supply system, the reactive
power in TIFM-SPSS is compensated due to the implementation
of passive filter, which results in a high power factor.
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TABLE VI
EFFICIENCY TEST RESULTS

TABLE VII
POWER FACTOR TEST RESULTS

VI. CONCLUSION

A transformer integrated filtering method based shipboard
power supply system, using IFT-IR as the core device, is pro-
posed in this article. The proposal realizes the high integration
of propulsion transformer and power filter, while it provides
the harmonic-free power supply environment, which is benefi-
cial to the stable operation and integrated optimization of the
compact-design oriented all-electric shipboard. The noteworthy
contributions of performance improvement include 25% reduc-
tion of installation space, 34.7% drop of current THD and 0.87%
efficiency improvement.

The main theoretical findings are summarized as follows.
1) The filtering mechanism is explored, and the special har-

monic path is revealed, which shows that most of the
harmonics are cancelled out by the filtering bus bar and
passive filter.

2) By means of the definition of approximative zero-
impedance, the transformer size can be further optimized,
the radial dimension can be theoretically reduced by as
much as 9.21%.

3) The inductance calculation method of integrated reactor
is analyzed. By adjusting the structural parameters, the
distribution range of the inductance is obtained.

APPENDIX

Fig. A.1 shows the equivalent circuit model of TIFM-SPSS.
According to basic circuit principle, ampere turns balance, and
voltage relationship on the transformer, the following equations
are obtained:{

N1i#1−1 +N2i#1−2 +N3i#1−3 = 0

N1i#2−1 +
√
3N2i#2−2 +N3i#2−3 = 0

(A.1)

Fig. A.1. Single phase equivalent circuit model.

{
v#1−1 − N1

N3
v#1−3 = Z#1−1 · i#1−1 − N1

N3
Z#1−3 · i#1−3

v#2−1 − N1

N3
v#2−3 = Z#2−1 · i#2−1 − N1

N3
Z#2−3 · i#2−3

(A.2)

v#1−1 = v#2−1 = vG − ZG · iG (A.3)

where i#1-k and i#2-k (k = 1, 2, or 3) are the current flowing
through the winding of two transformers; Z#1-k and Z#2-k are
the equivalent impedance of transformer winding; to balance the
load currents from two sides, Z#1-k should be equal to Z#2-k

(i.e., Z#1-k = Z#2-k = Zk); Zf and ZG are filter impedance and
line impedance, respectively. Supposing that the generators have
the ability of high-quality power supply, vG = 0 for harmonic
frequency.

For harmonic order n= 12i±1, (i= 1, 2, 3 …), these harmonic
currents will partly flow into the filters. The currents in two filter
windings are expressed as{

i#1−3 = cd−ab
b2−d2 i#1−2 +

ad−bc
b2−d2 i#2−2

i#2−3 = ad−bc
b2−d2 i#1−2 +

cd−ab
b2−d2 i#2−2

(A.4)

where a, b, c, and d are referred to that⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

a = N2

N1
Z1+

N2

N1
ZG

b = N3

N1
Z1+

N3

N1
ZG + N1

N3
Z3 +

N1

N3
Zf

c = N2

N1
ZG

d = N3

N1
ZG + N1

N3
Zf .

(A.5)

After the confluence of currents into filters, the filter current
can be obtained by

if = −a+ c

b+ d
(i#1−2 + i#2−2). (A.6)

For tuned orders n = 11 and 13, Zf = 0; for implementing in-
ductive filtering method [22], Z3 = 0; (A.6) is further simplified
as

if = −N2

N3
(i#1−2 + i#2−2). (A.7)

Equations (A.7) shows that all the tuned order harmonic
currents from two load sides flow into the filters.
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For harmonic order n = 6i±1 (i = 1, 3, 5 …), these harmonic
currents are cancelled each other out at Point d (will not flow
into filters) due to the 30° phase difference of two load windings.
Hence, filter impedance can be regarded as infinite. Equations
(A.8) shows that all the harmonic currents that order n = 6i±1
(i = 1, 3, 5 …) from two load sides are converged at Point d

i#1−3 + i#2−3 = −N2

N3
(i#1−2 + i#2−2). (A.8)

In sum, the current transform ratio kn from load side to filter
side can be obtained⎧⎪⎪⎨

⎪⎪⎩
kn = −N2

N3
, n = 11 or 13

kn = −N2

N3
, n = 6i± 1(i = 1, 3, 5 . . .)

kn = −a+c
b+d , n= other.

(A.9)

Moreover, the generator side current iG is expressed as

iG =

2N1N2

N2
3

Zf +
N1N2

N2
3

Z3

2ZG + Z1 +
2N2

1

N2
3
Zf +

N2
1

N2
3
Z3︸ ︷︷ ︸

kGn

(i#1−2 + i#2−2) (A.10)

where kGn (n is positive integer, and n�6i±1, i = 1, 2, 3, 5,
7 …) is the current transform ratio from load side to generator
side.
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