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Abstract: Along with massive applications of power electronic equipment and non-linear
loads, harmonic pollutions are becoming more serious than ever. This paper describes a novel
electromagnetic coupling reactor based passive power filter with dynamic tuning to quickly
eliminate harmony. Firstly, the structure and mathematic model of electromagnetic coupling reactor
are presented; secondly, the employed parameters, including electromagnetic coupling reactance
converter, primary winding coil, and secondary winding coil are designed based on a stable structure
of data; then, the test plat of passive dynamic tunable filter is introduced, as well as the performance
test. According to the experimental results, the newly designed electromagnetic coupling reactor
can effectively eliminate the harmonies generated by the nonlinear load, greatly reducing the harm
caused by harmonics on the grid. By fine-tuning the electromagnetic coupling reactor, the dissonance
caused by the change of capacitance and other issues can be effectively solved. Finally, the detailed
discussion of this paper is presented, and challenges and new future research are discussed.
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1. Introduction

With more and more non-linear devices such as direct current (DC) motors, DC power supplies,
variable-frequency governors, rectifying installations, etc. used in the power grid, the level of
harmonics also increases, requiring stricter controls on power quality [1,2]. Results show that increased
harmonic components will shorten the life span of electrical equipment, increase network energy
loss, and increase the possibility of the occurrence of resonance in the power system. Because of
the severe pollution of electrical network harmonics such as power grid loss, the instability of large
converter equipment, the effectiveness of communication system etc., harmonic restraint has become
an important task for the power supply bureau [3]. The best solution to the harmonic problems
is to install the power filters at sources, as well as at the closest terminals of power networks [4].
There are three different filter types, namely, passive power filter, active power filter, and hybrid active
power filter.

The passive power filter (PF) utilizes the combination of inductor L, capacitor C, and resistor R to
form a filter circuit. The low-impedance (tuned filter) state of a certain harmonic is connected in parallel
with the inductance and the capacitance to a certain harmonic current, forming a low-impedance
path [5,6]. Though PF has the advantages of simple structure, high capacity, low cost, and stable
performance, its disadvantages are also obvious, and its energy-storage element is large in bulk.
Moreover, it may produce a series of resonances and parallel resonances within the power grid.
Furthermore, harmonic waves cannot be filtered rapidly in real time. Filtering performance relies
on the parameters of power grid and load, and is significantly influenced by environment and
capacitance devices.
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Compared with the PF, the active power filter (APF) is another novel power electronic device
capable of dynamically inhibiting harmonics. When a system harmonic wave is detected, the APF will
immediately generate a set of harmonic vectors with the same amplitude and opposite phase, with the
system harmonic wave to offset it, making it a sine wave [7]. APF can not only dynamically filter
harmonics, but can also automatically track and compensate the varying harmonic currents in power
grid. It has a high controllability and response. Moreover, its compensation performance is not affected
by the frequency fluctuations of power grid, and its filtering performance is not affected by system
impedance [8–11]. APF can avoid generating resonance with the system impedance, and thus, is quite
effective in harmonic control. However, APF control is more complex in control systems, the price
is relatively high, the operating conditions are harsh, and it is highly restricted by hardware devices,
so APF usually operates in only small capacity cases.

Hybrid active power filters (HAPFs) are a combination of an APF and LC PF. The APF is in
parallel connection with several LC PPFs, which filter most of the harmonics, with the rest of the
harmonics filtered by the APF [12]. HAPF can effectively compensate reactive power loss, as well as
load harmonic current based on the advantages of both APF and PPF. However, due to the increase
of parallel branch, the control algorithm is complex, and the security and reliability of system cannot
be guaranteed.

In conclusion, the three filters are suitable for different applications, based on their strengths.
However, they are limited to specific scenarios due to such disadvantages as high price, instability,
and poor real-time performance [13–15]. Developing a filter that combines the advantages of APF and
PF has always been a focus of researchers. For this purpose, this paper designs an electromagnetic
coupling reactor to replace the L of traditional PF, and develops a passive dynamic tunable filter using
the electromagnetic coupling reactor to dynamically adjust the inductance L. The proposed tunable
filter can automatically track and compensate the varying harmonic currents in power grid, with
the harmonics filtered out rapidly in real time. The filtering performance will not be affected by the
parameters of load and power grid. The contradiction between filtering performance and product
costs can be resolved by fixing the resonance point. The rest of the paper is organized as follows.
First, Section 2 presents the structure and mathematic model of electromagnetic coupling reactor.
Then, the employed parameters, including nominal parameter, insulation radius, window height of
iron core and coil of primary impedance winding, are designed based on a stable structure of data in
Section 3. Next, Section 4 designs an electromagnetic coupling reactor for reducing the harm caused
by harmonics on the grid. Finally, Section 5 concludes this paper with further discussion.

2. Structure and Mathematic Model of Electromagnetic Coupling Reactor

A traditional iron-core reactor can be applied in current limiting, motor starting, passive filtering
and reactive compensation. However, the inductance (or impedance) cannot be continuously adjusted,
with the application greatly limited [16–18]. To solve this problem, this paper redesigns the traditional
iron-core reactor and develops it into an electromagnetic coupling reactance converter which has
primary winding and secondary winding, and is connected with power electronic impedance converter.
Then, a novel electromagnetic coupling reactor composed of a reactance converter and an electronic
impedance converter is built.

2.1. Topological Structure of Electromagnetic Coupling Reactance Converter

Figure 1 shows the schematic diagram and topological structure of the electromagnetic coupling
reactance converter (ECRC). In Figure 1a, AX is the primary winding of electromagnetic coupling
reactance converter, N1 is the number of turns, U1 is voltage, and i1 is electric current; ax is the
secondary winding of electromagnetic coupling reactance converter, N2 is the number of turns, U2 is
voltage, and i2 is electric current. More details about the schematic diagram and topological structure
of the electromagnetic coupling reactance converter can be found in [19–22].
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Figure 1. Schematic diagram and topological structure of electromagnetic coupling reactance converter.

Due to the refractory nature of the reactance converter, the converter is unsaturated and works in
a linear region. The voltage, current, and leakage reactance of the reactance winding are converted

to the secondary reactance winding. (
.
I1
′
= k

.
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.
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′
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.
U1/k). M denotes the mutual

inductance of primary winding coil and secondary winding coil; L11 and L22 are the self-inductances
of primary winding coil and secondary winding coil, respectively. Then, the flowing equations can be
derived through Kirchhoff’s law:
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where r1 and r2 respectively denote the equivalent winding resistances of primary winding coil and
secondary winding coil; k is the ratio of turns; Z1, Z2 and Zm respectively are the leakage reactance of
primary winding coil, the leakage reactance of secondary winding coil, and the excitation impedance
of main flux circuit. They can be written as: Z1 = r1 + jω(L11 − kM), Z2 = r2 + jω(L22 − M

k ),

Zm = jωM/k. Im =
.

kI1
′
+

.
I2 is the exciting current in the main magnetic flux loop.

2.2. Mathematic Model design of Electromagnetic Coupling Reactor

A power electronic impedance converter (antiparallel thyristor) was connected to the secondary
winding of the electromagnetic coupling reactance converter, forming an electromagnetic coupling
reactor [23]. The structure of the electromagnetic coupling reactor shown in Figure 2 has three operating
modes, namely, turn-off mode, short-circuited mode, and regulation mode.

Figure 2. Structure of electromagnetic coupling reactor.
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The current of the secondary winding I2 is zero when the a–x end of the secondary winding is
in the turn-off mode. This means that the impedance is the largest when the secondary impedance
converter is unloaded, and the same goes for the primary winding. Thus, the voltage across both ends
of Load Z is the smallest. Then there is:

Z11max =

.
U′1
I′1

= Z′1 + Zm =
Z1

k2 + Zm (3)

When the a–x end of the secondary winding of electromagnetic coupling reactance converter is in
the short-circuited mode, the voltage of secondary winding U2 is zero. Then:

Z11min =

.
U′1
I′1

= Z′1 + Zm =
Z1

k2 + βZ2 (4)

Different from the above two modes, the voltage U2 and current I2 of secondary winding are both
nonzero when the thyristor works between “cut-off and breakover.” There exists:

Z11 =

.
U′′1
I′1

= Z1 + Zm//(Z2 + Zα) =
Z1(Zm + Z2 + Zα) + Zm(Z2 + Zα)

Zm + Z2 + Zα
(5)

The voltage across the power electronic impedance converter is:

u2 =
√

2U2 sin ωt (6)

In the thyristor work state, the positive and negative half-waves of current waveform of secondary
winding are symmetrical, free from direct component and even-order harmonic. According to Fourier
formula, the current of secondary winding is expressed as:

i2(ωt) =
∞

∑
n=1,3,5

(an cos nωt + bn sin nωt) (7)

where

a1 =
2
π

∫ π

a
i2(ωt) · cos ωtd(ωt) =

2
π

∫ π

a

√
2U2

Za
· cos ωtd(ωt) =

√
2U2

2πZa
(cos 2a− 1) (8)

b1 =
2
π

∫ π

a
i2(ωt) · sin ωtd(ωt) =

√
2U2

2πZa
[sin 2a + 2(π − a)] (9)
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√
2U2
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2U2
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1
4
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2
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a1 � a3 and a3 being ignored, b1 � b3, b3 can be ignored. Similarly, a3, a5, a7, · · · , ∞ which is far
less than a1, and b5, b7, · · · , ∞ which is far less than b1 are ignored. Then Equation (7) is simplified into:

i2(ωt) = a1 cos ωt + b1 sin ωt (12)

The effective value of I2 is:

I2 =
1√
2

√
a1

2 + b1
2 =

U2
,

πZ2
,

√
sin2 a + (π − a) sin 2a + (π − a)2 (13)
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From Equation (13), get Za:

Za =
U2

,

I2
=

πZ2
,√

sin2 a + (π − a) sin 2a + (π − a)2
(14)

It can be known from Equation (14) that, when the control angle of the power electronic impedance
converter changes, its equivalent impedance will change as well. Here the converter can be seen as the
variable impedance Za. The curve of the impedance modulus which changes with the control angle a
of the thyristor is shown in Figure 3.

Figure 3. Curve of impedance modulus |Za| varying with control angle α of thyristor.

In Figure 3, the impedance of electronic impedance converter will increase along with the control
angle of thyristor a. When the control angle ranges within 0~140, the impedance of power electronic
impedance converter changes slowly; when the control angle ranges within 140~170, the change in
the impedance becomes obvious; when the control angle ranges within 170~180, a sharp increase is
observed in the impedance.

Equations (4)–(6), and (14) directly show the correlation between the equivalent impedance of
primary winding of electromagnetic coupling reactor and the thyristor trigger angle of secondary
winding. When the trigger angle of power electronic impedance converter changes, the electromagnetic
coupling reactor can be seen as a variable impedance Z11 which meets Z11min ≤ Z11 ≤ Z11max.

3. Parameter Design of Electromagnetic Coupling Reactance Converter

The parameter design of ECRC plays a very important role in the electromagnetic coupling reactor
design. Next, a detailed analysis and discussion will be presented in terms of three important aspects.

3.1. Parameter Design of Electromagnetic Coupling Reactance Converter

The sectional area S of iron core:

S = π

(
D
2

)2
× α1 × α2 (15)

where D denotes the diameter of iron core, α1 and α2 are the technological coefficient of lamination
and gross section coefficient respectively. Generally, α1 ranges within 0.93~0.98 (usually 0.95), and α2

is 0.91.
Potential of primary turns eF0 :

eF0 =
β0 × S

C
(16)
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where β0 is the primary flux density which varies according to the materials and usually ranges within
15,000~19,000 GS (slightly higher for cold-rolled plate; 12,000~16,000 GS for hot-rolled plate). C is 450,
the constant corresponding to 50 Hz.

(1) The number of turns of primary winding W1:

W1 =

⌈
k0UL1

eF0

⌉
(17)

where de denotes ceiling (a slightly larger value is allowed).
(2) The number of turns of secondary winding W2:

W2 =
W1

n
(18)

(3) Potential of final turns eF:

eF =
k0UL1

W1
(19)

3.2. Parameter Design of Primary Winding Coil

The sectional area of coil of primary winding (unifilar winding) S1 is:

S1 = δ1 × XB1 × XH1 (20)

where δ1 is the intended layers of coil of primary winding. Generally, there are 8 layers (meets the
requirement of W2 = 460 turns) and each layer has W1/δ1 turns, and XB1 and XH1 are the thickness and
width of bare copper wire respectively. The flat copper wire is covered with ZB-0.45 paper. Generally,
ZB-0.45 is for 10 kV, ZB-0.65 is for 35 kV, and ZB-0.95 is for 110 kV. The thickness and width of bare
copper wire are 1.8 mm and 7.1 mm respectively.

The electric current density is:

J1 =
IL1

S1
(21)

The window height of iron core HW1 :

HW1 = Hxqs1 + Lup1 + Ldown1 (22)

where Lup1 and Ldown1 are the upper insulation distance and lower insulation distance (the values
assigned are 26.5 mm) respectively, with Hxqs1 being the actual height of coil and its calculation formula
obtained:

Hxqs1 = (XH1 + δ0)× (W1/δ1 + 1 ) + ρcr1 (23)

where ρcr1 is the margin of coil (the value assigned is 2.4 mm).

3.3. Parameter Design of Secondary Winding Coil

The sectional area of the coil of secondary winding (bifilar winding) S2 is:

S2 = e2 × XB2 × XH2 (24)

where e2 refers to the intended layers of coil of secondary winding (each layer has W2/e2 turns),
which is usually assigned to 2 (meets the requirement of W2), and XB2 and XH2 refer to the thickness
and width of the bare flat copper wire used in secondary winding, respectively. Generally, the flat
copper wire is covered with ZB-0.45 paper, with the thickness and width of bare copper wire 3.35 mm
and 7.5 mm, respectively.
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The electric current density J2:

J2 =
IL2

S2
(25)

Generally, the J2 of oil-immersed filter reactor (for long-term service) is 3~4 A/mm2 and the J2 of
dry-type one is 1.5~2 A/mm2.

The insulation radius between the center lines of iron cores r0 can be calculated by the
equation below:

r0 = D12 + px (26)

where px is the gap between windings which usually ranges with 9~15 mm and makes r0 an integer of
5 or 0, and D12 is the diameter of coils of primary and secondary windings, which can be calculated by
the equation:

D12 = 2× (rin + rin f + rout f + ρ0) (27)

where rin denotes the radius of inner coil, rin f is the horizontal size of inner coil (the coil of secondary
winding), rout f denotes the horizontal size of outer coil (the coil of primary winding), and ρ0 is the size
of major insulation, (usually ranges within 8~12).

The calculation formula for the radius of inner coil rin (the insulation radius of single phase) is:

rin =
D
2
+ e1 (28)

where e1 is the width of gap whose minimum value is 5 mm (generally, 10 mm for a 10 kV voltage; 17
mm for a 35 kV voltage; 35 mm for an 110 kV voltage).

The horizontal size of the inner coil (the coil of secondary winding) rin f can be obtained:

rin f = 2e2 × (XB2 + e0) + p21 + p22 (29)

where e0 is the thickness of copper wire after considering the insulating layer (usually the value
assigned is 0.5 mm), p21 is the interlamination insulation thickness of coil of secondary winding
(usually 0.32 mm), and p22 is the margin of coil of secondary winding (usually 0.28 mm).

The horizontal size of the outer coil (the coil of primary winding) rout f can be obtained:

rout f = e3 × (XH1 + δ0) + p11 + p12 (30)

where e3 is the coil layers of primary winding (the value assigned is 8), p11 is the interlamination
insulation thickness of coil of primary winding (the value assigned is 2.4 mm), p12 is the margin of
coil of primary winding (the value assigned is 1.36 mm), XB1 and XH1 respectively are thickness and
width of the bare copper wire used in primary winding.

The formula for calculating the window height of iron core HW2 is:

HW2 = Hxq2 + Pcr2 + Lup2 + Ldown2 (31)

where Pcr2 is margin of coil (the value assigned is 2 mm), Lup2 and Ldown2 are the upper insulation
distance and the lower insulation distance (the values assigned are 15 mm) respectively, and Hxq2 is
the height of coil, whose calculation formula is:

Hxq2 = (XH2 + e0)× (W2/e2 + 1) (32)

The insulation radius between the center lines of iron cores, as well as the window height of iron
core, is shown in Figure 4.
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Figure 4. Diagram of the insulation radius between the center lines of iron cores and the window
height of iron core.

4. Performance Test of Passive Dynamic Tunable Filter

A passive dynamic tunable filter (PDTF), based on the loop control theory, realizes the on-line
real-time detection of the dissonance of filter and automatic adjustment of the inductance of
electromagnetic coupling reactor, and thus, the frequency of filter is able to couple with harmonic
frequency again [24]. After a long-term trial run of the prototype of PDTF, it was observed that the
filtering performance of PDTF is closely related to the parameters of main circuit (the parameters of
filter capacitor and electromagnetic coupling reactor), and the dynamic filtering performance of PDTF
is influenced by the tuning method [25]. In terms of applications where a large capacity harmonic
source load is needed, it is the configuration method of PDTF as well as the control method that
determines the overall performance of the passive dynamic tuning filter system. Therefore, further
study aiming at these issues can be carried out to optimize the PDTF, and finally improve its filtering
performance and engineering application ability.

4.1. Test Platform for Passive Dynamic Tunable Filter

The test platform for PDTF mainly contains a three-phase power system, a PDTF, and a harmonic
generator. The harmonic generator is a custom-made active power harmonic filter which is used to
simulate the harmonic source load and inject harmonic current of certain order and ampere into power
grid [26]. Test platform for PDTF is shown in Figure 5.

In the actual three-phase power system, the grid-side current usually contains the background
harmonic current, which may come from the grid itself or from other harmonic source loads.
Thus, in the test platform for PDTF, the total harmonic current in power grid should, theoretically,
be composed of the harmonic current produced by harmonic generator Ihn and the background
harmonic current I’hn in the system. However, in the test, Ihn � I’hn. Therefore, the background
harmonic current in three-phase power system I’hn is ignored.

Figure 5. Test platform for passive dynamic tunable filter.
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4.2. Impact of Filter Capacitor’s Capacitance on Filtering Performance

In order to study the influence of the filter capacitor capacity on the filter performance,
the following two sets of tests were conducted on the PDTF test platform:

Test One: By using the harmonic generator, different sizes of the 5th harmonic current are injected
into the power grid by maintaining the capacity of the filter capacitor unchanged with the passive
dynamic tuning of the harmonic current absorption of the size of the filter observed.

In this test, the capacitance of filter capacitor was set at 20 kVar. The fifth harmonic currents which
were 7.07 A, 10.6 A, 12.73 A, and 17.68 A respectively were injected into power grid with the harmonic
generator to observe the fifth harmonic current absorbed by PDTF under four conditions. The records
of Test One are listed in Table 1. The control signal refers to the digital control signal sent by the master
controller to the digital-to-analogue converter, which will transform the signal into an analogue one,
and drive the thyristor pulse trigger board to generate a pulse trigger signal a. So, the pulse trigger
signal is able to control the phase shift of electromagnetic coupling reactor, and then to change its
inductance, thus realizing the tuning control of PDTF. In practice, during the control of thyristor power
converter, the normal phase shift of trigger angle α ranges from 30◦ to 150◦ and the corresponding
control signal from 2667 to 13,333. Ih5 denotes the fifth harmonic current with the harmonic generator
injected into power grid. If5 denotes the fifth harmonic current absorbed by the PDTF. Is5 denotes the
fifth harmonic current remained in power gird after filtering.

Table 1. Records of Test One.

Serial Number Capacitance/kVar Control Signal Ih5/A If5/A Is5/A

1 20 5200 7.07 5.2 1.81
2 20 5300 10.6 5.84 4.9
3 20 5300 12.73 6.05 6.4
4 20 5300 17.68 6.49 10.05

Theoretically, the fifth harmonic current by the harmonic generator injected into power grid
should be the sum of the fifth harmonic current absorbed by the PDTF If5 with the fifth harmonic
current remaining in power gird after filtering, i.e., Ih5 = If5 + Is5. However, due to the influences of
fluctuations in power grid and background harmonic current, the sum of If5 and Is5 slightly deviates
from Ih5 in the test [27]. When the capacitance of filter capacitor is constant, the control signal of
PDTF (approximately 5300) basically remains unchanged. The reason for this is that, according to the
condition for the series resonance of the PDTF, the inductance of electromagnetic coupling reactor
will basically remain unchanged when the tuning frequency and capacitance of filter capacitor are
both constant [28]. Moreover, under constant capacitance of filter capacitor, the fifth harmonic current
absorbed by PDTF will increase and the PDTF will gradually become saturated with the fifth harmonic
current injected into power grid increases.

Test Two: By using the harmonic generator, different sizes of the 5th harmonic current are injected
into the power grid in changing the capacity of the filter capacitor unchanged with the passive dynamic
tuning of the harmonic current absorption of the size of the filter observed.

Based on the calculation results of the relevant theories, in this test, the capacitances across the
filter capacitor were set at 15 kVar and 20 kVar respectively. A 10 A fifth harmonic current was injected
into power gird by a harmonic generator to observe the fifth harmonic current absorbed by PDTF
under the two conditions. The records of Test Two are listed in Table 2.

The results of Test Two show that a small amount of harmonic currents are absorbed by the PDTF
when the capacitance of filter capacitor is small.
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Table 2. Records of Test Two.

Serial Number Capacitance/kVar Control Signal Ih5/A If5/A Is5/A

1 15 5300 10 6.6 5
2 20 5250 10 9.25 1.85

4.3. Influence of Structure of Electromagnetic Coupling Reactor on Filtering Performance

According to the topological structure and principle of PDFT, it is known that the thyristor is
connected to the secondary reactance winding of the electromagnetic coupling reactor. Normally,
the thyristor will generate a small amount of third, fifth, and seventh harmonic currents when it is
under phase-shifting control. The magnitudes of these harmonic currents are closely related to the
trigger angle α of thyristor [29]. Figure 6 shows the curve of the fundamental current and harmonic
current in the secondary winding of electromagnetic coupling reactor changing with trigger angle.Energies 2018, 11, x 11 of 19 
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As the ratio of turns K of the primary winding of electromagnetic coupling reactor to the secondary
winding is less than 1, according to relevant theories of electromagnetic transform, the fifth and seventh
harmonic currents in primary winding are 1/N of those in secondary winding, and therefore, the fifth
and seventh harmonic pollution caused by electromagnetic coupling reactor should not be ignored
when K is large.

The above analysis shows that there are two ways to improve the performance of electromagnetic
coupling reactor: (1) Replacing the electromagnetic coupling reactor with a double-reactor one in
which a fixed reactor with an electromagnetic coupling reactor in a series of connection. (2) Increasing
the turns ratio K of the primary winding of electromagnetic coupling reactor to the secondary winding.
Then the harmonic current in primary winding induced by the harmonic current in secondary winding
can be effectively reduced.

Therefore, to improve the performance of electromagnetic coupling reactor, two sets of
electromagnetic coupling reactors designed by the above two methods were prepared. A field test
using the prototype of PDTF was performed in the low-voltage distribution system of a cement plant.

Test Three: A fixed reactor and an electromagnetic coupling reactor in series were connected with
PDTF to observe the filtering performance of PDTF.

The main circuit of PDTF after connection with fixed reactor is shown in Figure 7.
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Figure 7. Diagram of main circuit of PDTF after connection with fix reactor.

In Figure 7, La refers to the fixed reactor whose inductance is approximately 0.168 mH, and KL
is the electromagnetic coupling reactor whose primary impedance winding has an inductance of
1.8 mH, approximately.

To study the effects of reactor’s structure on filtering performances of PDTF, two tests were
conducted respectively using the single-reactor structure (KL) and double-reactor structure (KL + La).
In the two cases, the capacitance across the filter capacitor was set at 40 Kvar. Considering that the
resonance point of PDTF might shift when the inductance of reactor increased, two more tests were
performed when the capacitances across the filter capacitor were 30 kVar and 35 kVar. The results of
Test Three under four conditions are listed in Table 3.

Table 3. Results of Test Three under four conditions.

Contents
Serial No. 1 2 3 4

U V W U V W U V W U V W
I1/A 276 272 270 276 272 270 276 272 270 276 272 270
Ih5/A 15 11 14 4 3 2 20 17 17 16 11 13
Ih7/A 5 7 8 22 21 20 5 6 6 5 3 2

Control Signal 9000 5700 9050 10200
Capacitance/Var 40 40 30 35

Reactor KL KL + La

The analytical results of Test 3 are as follows:

(1) It is shown in Figure 8 that under the same capacitance (40 kVar), by using the double-reactor
structure (where an electromagnetic coupling reactor KL and a fixed reactor La are in series
connection), the fifth harmonic current is reduced to 4 A from 15 A (single-reactor structure).
Most of the fifth harmonic currents are filtered out (33 A before filtering). The control signal
declines from 9900 to 5700 after using fixed reactor La. Thus, conclusions can be drawn that, under
the same capacitance across the filter capacitor, the equivalent inductance of electromagnetic
coupling reactor will reduce after connection with fixed reactor. When the control signals are
9900 and 5700 respectively, the corresponding thyristor trigger angles are 69◦ and 116◦. As shown
in Figure 6, when the thyristor trigger angle α is 116◦, the seventh harmonic current generated by
the secondary winding of electromagnetic coupling reactor reaches the wave crest. This indicates
that the seventh harmonic current in system after connection with fixed La is larger than that
before filtering.

(2) As shown in Figure 9, after using the fixed reactor La, when the capacitance are 30 kVar and
35 kVar, the fifth harmonic current and seventh harmonic current in system are close (about
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60% lower). When the capacitance across the filter capacitor is 40 kVar, the fifth harmonic
current is reduced to 4 A. When the capacitances across the filter capacitor are 30 kVar, 35 kVar,
and 40 k VarM, respectively, the corresponding control signals are 9050, 10,200, and 5700, with the
corresponding thyristor trigger angles 78◦, 65◦, and 116◦. It can be known from the curve
which shows the correlation between the inductance of electromagnetic coupling reactor and
the thyristor trigger angle α that, when the trigger angle α < 90◦, the electromagnetic coupling
reactor has the poor adjustability and its equivalent inductance is small. It not only verifies the
conclusions in Section 4.2 (a moderate increase in capacitance of filter capacitor can help improve
the filtering performance when the requirements for tuning has been met), but also indicates that
the regulation performance of electromagnetic coupling reactor has been improved after using
the fixed reactor La.

Figure 8. Harmonic current contents in power grid before and after using fixed reactor La.

Figure 9. Harmonic current contents under different capacitances.

Test Four: The turns ratio of the primary winding of electromagnetic coupling reactor to the
secondary winding was increased to observe the filtering performance of PDTF.

Due to the limited test conditions, the use of copper wire in the electromagnetic coupling reactor
winding reactance winding coil is to increase the inductance. In this test, a double-reactor PDTF
(the same as the one in Test Three) was used. An qualistar electrical network power and quality
analyser (Chauvin Arnoux Metrix, Paris, France) was used to measure the inductance of primary
winding of electromagnetic coupling reactor with additional cooper wire windings. The number of
coils represents the additional turns of primary winding of ECRC.

The inductance of reactor of PDTF increases significantly due to the double-reactor structure
and the additional turns of the primary winding of electromagnetic coupling reactor. For that reason,
the capacitance across the filter capacitor should be changed. According to the calculation results,
the capacitance ranges within 20~25 kVar approximately. Thus, the capacitance across the filter
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capacitor was set at 20 kVar and 25 kVar for further study. The main parameters of the system
measured before and after by using filters are listed in Table 4. It can be seen that after the passive
dynamic tuning filter is put into the system, the 5th and 7th harmonic currents drop greatly in the
system, with the 5th harmonic filter in the capacity of 25 kVar the effect being as high as 80% or more.

Table 4. Main parameters of system before or after filtering.

Measured Parameters U V W U V W

I1/A 320 314 311 320 314 311
Ih5/A (before filtering) 39 36 37 39 36 37
Ih5/A (after filtering) 10 9 7 9 4 4

Ih7/A (before filtering) 10 13 13 10 13 13
Ih7/A (after filtering) 12 10 9 7 3 7

Control Signal 9600 9850

Capacitance/kVar 20 25

According to Table 4, in a series of connection of the same fixed reactor La, the reactor with
additional turns of coil has a better filtering performance; that is because the reactor not only filters
out the fifth harmonic current, but also inhibits the seventh harmonic current. The reactor without
increasing the turns of coil achieves a good filtering performance of fifth harmonic, yet the seventh
harmonic current increases slightly after filtering. Figure 10 shows the comparison of the performances
in filtering fifth harmonic current under different conditions.

Figure 10. Comparison of performances in filtering fifth harmonic current

The results of Test Four show that by increasing the turns ratio K of the primary winding of
electromagnetic coupling reactor to the secondary winding, the overall filtering performance of PDTF
can be improved, and the higher-order harmonic current caused by the electromagnetic coupling
reactor can be greatly reduced.

According to the relevant conclusions of the experimental research, the following three methods
can be used to obtain the optimal design of the structure of the electromagnetic coupling reactor:

(1) Reactors with passive reactance tuning filters can be formed by using fixed reactors in series
with the dual reactor structure of the electromagnetic coupling reactor to improve the regulation
performance of the electromagnetic coupling reactor and reduce the manufacturing cost of the
electromagnetic coupling reactor.

(2) It is possible to properly increase the turns ratio k of the primary reactance winding and the
secondary reactance winding of the electromagnetic coupling reactor to reduce the higher
harmonic current by the electromagnetic coupling reactor itself.

(3) The electromagnetic coupling reactor can be designed to be multi-tapped to facilitate passive
tuning of the passive tuning filter.
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4.4. Field Test

In order to further verify the above conclusion, a prototype of passive dynamic tuning filter was
used to carry out an on-site experimental research on the distribution room of Jiangnan Cement Plant.
The main power distribution boxes of Jiangnan Cement Plant are shown in Figure 11.

Figure 11. Structural drawing of the system of power distribution box.

The main electric devices of each distribution box are listed in Table 5. A 2500 kW distribution box
whose incoming bus capacity is 1600 kW and incoming voltage is 6 kV was used. A powder separator
with a 132 kW main harmonic load was used.

Table 5. List of electric devices of distribution box.

No. Main Electric Devices

AT01 Incoming line of power supply
AT02 Powder separator, constant feeder
AT03 Chute fan, filter incoming cubicle
AT04 Plenum pulse dust collector, single-chamber pump
AT05 Discharging machine, spiral reamer, motor fluid resistance starter
AT06 Electric louver valve, sampler, illumination, maintenance power supply, PLC power supply

To further understand the harmonic current content of the power system, the power quality
analyzer CA8335 is used to test the busbar input of the power grid. The current waveform of the
power system is obtained, as shown in Figure 12. The current distortion of three phases in power grid
is obvious, and the total distortion rates of harmonic current corresponding to phases A, B, and C are
4%, 12.3% and 13.6%, respectively.

Figure 12. Current waveforms in power grid.

The harmonic current contents in power distribution system are listed in Table 6. There are lots of
harmonic currents in the power distribution system, among which the fifth harmonic current content



Energies 2018, 11, 1647 15 of 19

is the greatest and reaches a percentage of 13.4%, exceeding the national standard for the harmonic
current content in public power network. Thus, in this test, the capacitances across the filter capacitor
were set at 15 kVar, 20 kVar, 25 kVar, 30 kVar, 35 kVar, 40 kVar, and 45 kVar, and through the tuning of
PDTF, the amount of fifth harmonic currents absorbed by PDTF were obtained.

Table 6. Harmonic current contents in power distribution system.

Test Contents Phase A Phase B Phase C

I1/A 276 272 270
I5/A 36 33 33
I7/A 12 14 6
I11/A 7 10 5
I13/A 5 6 3
φVA (◦) +40◦ +37◦ +39◦

The fifth harmonic current content without using PDTF is shown in a. Figure 13b–h show the
harmonic current contents after using PDTFs whose capacitances are 15 kVar, 20 kVar, 25 kVar, 30 kVar,
35 kVar, 40 kVar, and 45 kVar, respectively.

Figure 13. Fifth harmonic current contents.
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The fifth harmonic current contents under different capacitances are listed in Table 7. As the
tests were carried out during the running of cement plant, there is a slight fluctuation in current.
The absorption current I5(x) refers to the difference between the fifth currents in power grid before and
after filtering (the harmonic current before filtering is 37 A).

Table 7. Harmonic current contents under different capacitances.

Capacitance of Filter Qc/kVar Control Signal Uk Bus Current I5/A Absorption Current I5(x)/A

15 9300 31.5 5.5
20 9300 26.6 10.4
25 9300 22.7 14.3
30 9900 18 19
35 9900 15 22
40 9650 4 33
45 9950 22 15

It can be seen from Table 7 that the passive harmonic filter has a different effect on the 5th harmonic
current when the filters with different capacities are put into operation. When the capacitance is 40 kVar,
the 5th harmonic current flows back to the grid bus. For the 4 A, the 5th harmonic current contents of
1.7% have a significant filtering effect. As shown in Table 7, the fifth harmonic current inhibited by
PDTF varies under different capacitances. When the capacitance is 40 kVar, the fifth harmonic current
returns power grid bus is 4 A, and the percentage of fifth harmonic current is 1.7%, an indication of
a good filtering performance. The curve which shows the correlation between the filter capacitor’s
capacitance Qc and the absorption current is shown in Figure 14.

Figure 14. Filtering performance under different capacitances.

In Figure 14, before the filter reaches the resonance point, the filtering performance will be
improved with the increase of the capacitance. When the capacity of the capacitance is 40 kVar,
the optimal filtering effect of the PDTF is the greatest.

Result analysis of the field test:

(1) When the capacity of the filter capacitor is increased, the value of the control signal relatively
increases and the reactance of the electromagnetic coupling reactor decreases, thereby ensuring
that the passive dynamic tuning filter is always tuned to the resonant frequency. This shows that
the passive dynamic tuning filter has some anti-detuning ability and dynamic tuning capability.

(2) The capacity of the filter capacitor is closely related to the capacity of the passive dynamic tuning
filter. As the capacity of the filter capacitor increases, the 5th harmonic current absorbed by the
passive dynamic tuning filter becomes greater.

(3) When the capacitance of filter capacitor increases, the increase amount of the control signal is
small. It indicates that the electromagnetic coupling reactor mainly plays the role of “fine tuning
and filtering.” That is, by regulating the electromagnetic coupling reactor, the passive dynamic
tuning filter can be more precisely tuned to the resonant frequency.
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In summary, the capacity of the filter capacitor determines the capacity of the passive dynamic
tuning filter. Therefore, a reasonable selection of the capacity of the filter capacitor is crucial. Under
normal circumstances, maintaining the same resonant frequency under the premise of properly
increasing the capacity of the filter capacitor helps to improve the PDTF current absorption [30].

5. Conclusions

With the continuous development of electric power system, more and more nonlinear loads, such
as rectifier loads and impulse loads, are increasingly being added to the modern electric power systems.
This article presents a new setup in order to use the passive power filter with dynamic tunable for the
harmonic filtering task. Based on the structure and mathematic model of electromagnetic coupling
reactor, the design parameters of the device structures are provided, with the process structure achieved
and optimized. By using the passive dynamic tunable filter, the performance of electromagnetic
coupling reactor in the presence of non-linear filtering is analyzed, with a prototype of passive dynamic
tuning filter used to carry out on-site experimental research on the distribution room of Jiangnan
Cement Plant. The experimental results show that the capacity of the filter capacitor determines
the harmonic absorption of the passive dynamic tuning filter, while the resonant frequency remains
constant. By fine-tuning the electromagnetic coupling reactor, the filtering can be effectively solved,
with filter capacitance due to changes in capacity caused by detuning and other issues. In general,
under the premise of keeping the resonance frequency unchanged, properly increasing the capacity of
the filter capacitor helps increase the absorption of this order harmonic current by the passive dynamic
tuning filter. We believe that this research is promising if a sufficiently developed technological basis
is available. In order to further eliminate the detuning caused by filter capacitor capacity variation,
analysis and discussion should be made on the influences that the capacity of different filter capacitors
exerts on the PDTF current absorption in future studies.
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