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Abstract—Magnetically controlled reactors (MCRs) are usually
used as three-phase shunt reactors. They have low harmonic
distortion independent of the third harmonic current because
most three-phase MCRs are delta connected. However, as arc
suppression coils, MCRs are operated in the single-phase mode,
and the harmonics can be much higher than those of three-phase
MCRs. In this paper, the structure and the mathematical model
of a two-stage saturable MCR (TSMCR) are proposed. There
are two stages with different lengths and areas in the iron cores.
The stages saturate at different times when the TSMCR outputs
reactive current. The current harmonics of the first saturated
stage can be compensated for when the second stage begins to
saturate, to reduce the total harmonics of the output current. The
mathematical model that reveals the distribution characteristics of
the current harmonics for the TSMCR is also presented. A study
of the mathematical model indicates that there are two key factors
that affect the total current harmonics of the TSMCR. One is the
parameter k, which represents the area ratio of the second stage to
the first stage. The other one is the parameter m, which represents
the ratio of the length of the first stage to the total length of the
magnetic valve in the iron core. The simulations and experiments
show that the maximum current harmonics of the novel MCR can
be limited to 3.61% of the rated output current when k and m are
chosen according to the theoretical mathematical model.

Index Terms—Arc suppression coil, harmonic analysis, mag-
netically controlled reactor (MCR), magnetic variable control,
saturable reactor (SR).

I. INTRODUCTION

RC suppression coils are used to reduce the single-phase
ground fault current so that nonpermanent faults can be
self-extinguished without break operations [1]-[4]. The work-
ing principle of arc suppression coils is that the capacitive earth
fault current can be compensated for by injecting an inductive
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current. Usually, these fixed reactors known as Petersen coils
are installed at transformer neutrals. However, in order to
avoid resonance problems in the distribution network of neutral
resonant grounding, the off-tuning degree defined as the ratio of
the difference of the fault capacitive current and the inductive
current to the capacitive current is usually set to the value
of 5%, and this will result in difficulty to self-extinguish the
fault arcs [5]. Considering the aforementioned problems, an
arc-quenching device with an adjustable reactance, known as a
controlled reactor, is attractive in the presence of a fault current
that may exceed the admissible limits due to the installation of
additional transmission lines or cables.

Conventional adjustable arc suppression coils cannot com-
pensate for the capacitive current efficiently because most of
them are controlled manually, and the reactive current that they
provide does not fit the fault current smoothly. Research efforts
to implement a continuous and low-distortion current of the
controlled reactor have been reported in the literature [6]-[13].
Among these approaches are the saturable reactor (SR) and
the thyristor-controlled reactor (TCR). The TCR is a reactance
that is connected in series with a bidirectional thyristor valve.
The reactance of a TCR can be controlled by changing the
switching angle to regulate the current through the reactor. The
magnetically controlled reactor (MCR) is one type of SR that
is based on the working principle of a magnetic magnifier. The
reactance of an MCR is changed by controlling the dc current
through the control winding, which saturates the iron core [7].
The advantage of the MCR over the TCR is that the MCR can
be implemented in ultrahigh-voltage (UHV) power systems and
is much more economical and operational. However, the current
harmonics of the MCRs are high without filters and limit their
applications [8].

To reduce the harmonics of these devices, a passive power
filter (PPF), which consists of a fixed capacitor connected in
series with an inductor, is typically used [14]. However, PPFs
operate at fixed resonance frequencies and therefore have the
problem of resonance. To solve the resonance problem, active
power filters (APFs) and hybrid APFs (HAPFs) were developed
[15]-[19]. The working principle of most of these devices is
based on the instantaneous reactive power theory, which is
used to accurately extract the harmonic components from the
measured current [20]. The control strategies of them are also
complicated in order to get high dynamic performance [21]. In
addition, the cost of APFs and HAPFs is relatively high, and
they are not preferable for UHV power systems.
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Fig. 1. Traditional compensation method to limit current harmonics in MCRs.

To avoid using any method mentioned above to reduce the
harmonics, the current harmonics of MCRs are usually limited
by connecting two of them in parallel, as shown in Fig. I.
By controlling the saturation degrees of the iron cores, two
MCRs create approximately equal harmonic currents but in
opposite directions; thus, the total current harmonics of the
MCRs are reduced. However, there are several defects in this
combination. The control strategies are complicated if there are
too many analog and digital signals; moreover, it also signif-
icantly reduces the response time of the MCRs. Additionally,
the construction cost is expensive, and the size is inconvenient
for indoor installation. One study proposed a new structure of
the two-stage saturable MCR (TSMCR) that was implemented
for reactive power compensation in an electric railway supply
substation [22]. However, the lengths of the two stages in the
iron cores are the same, and the area relationship between
the two stages is not clear. Thus, the harmonics of the output
current do not achieve the desired purpose. The maximum
third harmonic component is about 7% of the fundamental
current component. The result is almost the same as that of a
conventional MCR, which has only one stage in the iron core.

In this paper, the structure and the working principle of
the TSMCR are presented. The mathematical model of the
TSMCR for harmonic analysis is also given by introducing two
parameters: k represents the area ratio of the second stage to
the first stage, and m represents the ratio of the length of the
first stage to the total length of the magnetic valve in the iron
core. The B—H characteristics of the iron cores can be changed
by different values of k& and m. Different harmonic distribution
characteristics of the output current of the TSMCR are achieved
when the iron cores become saturated. We proposed an opti-
mization algorithm based on the mathematical model to find a
proper set of values of £ and m that result in the smallest total
harmonic distortion (THD) in the output current of the TSMCR.
To verify the validity of the mathematical model, a simulation
in MATLAB/Simulink is also presented. Finally, a prototype
TSMCR (1000 VA/380 V) has been designed and constructed
to test the effectiveness of the harmonic reduction method.

The rest of this paper is organized as follows. In Section II,
the structure and the working principle of the TSMCR are
described. The parameter m is also introduced in this section.
At the end of this section, the B—H characteristic of the iron
core is given. In Section III, the mathematical model of the
TSMCR for harmonic analysis is given. The parameter k is
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Fig. 2. Model of the TSMCR.

introduced in the derivation in this section. In Section IV, we
successfully determine the proper set of values of k£ and m using
the proposed optimization algorithm. Finally, the simulations
and experiments are presented to verify the theoretical analysis.

II. MODEL OF THE TSMCR

There is only one stage in each iron core of the conventional
MCR. In contrast, there are two stages in the middle of both iron
cores to form magnetic valves for the TSMCR. The proposed
model is shown in Fig. 2. A, is the area of the iron core, Ag;
is the area of the first stage, and A, is the area of the second
stage. The lengths of the first and the second stage are /; and o,
respectively. Control windings are coupled by winding taps on
each half of the iron cores, and thyristors are connected between
the taps. The turn for each control winding is IVy /2. High-rated
thyristors are not required because the value of §(Ny,n) is
usually 5%. Thus, the voltages on the thyristors are very low.

The principle of operation is achieved by changing the mag-
netic field strength in the iron cores using the dc current through
the control winding. The harmonics in the output currents are
compensated for automatically when the second stage begins
to saturate. A complex controller or control algorithm is not
required for the new device to reduce the harmonics in the
output current.

The equivalent working circuit of the TSMCR is shown in
Fig. 3(a). The commutation circuits when thyristor 77 or 75
is conducting are shown in Fig. 3(b) and (c), respectively. The
dc control currents i;; and ixo can be regulated by changing
the switching angles of the thyristors. As the switching angle
of the thyristors increases, the dc control current in the control
winding decreases, and the reactance of the reactor increases.

The B-H characteristics of the magnetic valves can be
described using the equal magnetic field strength H,., which
assumes that the areas of the first and the second stage are the
same as those of the iron cores, as shown in Fig. 2.

When the first stage begins to saturate, we obtain the follow-
ing equation:

® = BA, = Bo(Ap — As1) + Bs14a (D

where B is the magnetic flux density in the iron core, By is the
magnetic flux density in the air gap, and B, is the magnetic
flux density in the first stage.
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Fig. 3. Equivalent circuit of the TSMCR. (a) Equivalent circuit. (b) 73
conducted. (c) T conducted.

The magnetic flux density is B;s when the iron core begins
to saturate; thus, we have
Ay — A

S AS
i Lo Hy + =2 (o Hy + Bys) )

B =
Ay

where the constant (i is the magnetic permeability in air.
According to Ampere’s circuit law

He(ly + 1) = Hily. 3

H, can be rewritten as follows:

B - AASbl Bts ) ll
Ho I+l

H, = “4)

Similarly, when the second stage begins to saturate, H,. is
given as

A l A, 1

H, = B - Abl Btslr‘ilz - Tthslriz-lz ) 5)
Ho
Define
A, As

B = A—;Bm Bio = A—:Bts (6)

ll l2
e L =T @)

where By and By, represent the magnetic flux densities when
the first and the second stage begin to saturate, respectively.
m represents the ratio of the length of the first stage to the total
length.

Then, the B—H characteristics of the magnetic valves, H,. as
a function of B, can be written as

% 5 |B| < Btl
;70”7”» By < B < By
B-Byim—B(1-m)
f(B) = 1o ’ B = B
Fm, ~Biz < B< By
B+B Bio(1—
+Biim+Bia( m)’ B < —Bys.

Ho

®)

From (8), the B—H characteristics of the magnetic valves are
shown in Fig. 4. The gradient of the line between B;; and By
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Fig. 4. B-H characteristics of the magnetic valves in the iron cores of the
TSMCR.

can be changed by m, and the end of the line can be changed
by By, which is determined by Ay /Ap. The gradient of the
line between By, and B, remains unchanged, and the value is
a constant p9. The dashed line shows the B—H characteristics
when the nominal length of the first stage is m’ and the area is
ApBjy/ Bs.

The magnetic materials used in the iron cores of the TSMCR
are the same as those used in modern high-voltage power
transformers. However, the operating points of the iron cores
in the TSMCR are quite different. The magnetic valves in the
iron cores of the TSMCR are deeply saturated, and the magnetic
flux density is usually higher than 1.8 T when the TSMCR
outputs its rated current. At this scale, hysteresis loops are not
significant [23].

III. HARMONICS OF THE TSMCR

The magnetic flux densities By and Bs in Fig. 2 can be
expressed as

B1 (wt) = Bd + Bl
©)

Bg(wt) = —Bd + BQ

where B, represents the dc controlled magnetic flux density.
The definition of the positive dc control current is shown in
Fig. 3.

The analyses of B; and Bs are the same because the structure
of the TSMCR is symmetrical. Taking B; in the left iron core
as an example, as shown in Fig. 5, 8 and (3> represent the
saturation degrees of the first and the second stage at a power
frequency, respectively.

When By =0, the stages are not saturated, and B; =
By cos(wt); 81 and [35 are given by

Bl = 07

62 = 07

When the first stage begins to saturate and the second stage
remains unsaturated, we have

_ -1 Bu-B
(1 = 2cos ‘}Bftld,
ﬁ2 :07

B < By (10)

By < B < Bys. (11
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Fig. 5. Relationship between 31 and (2.

When the magnetic valves are both saturated, we have

B =2cos™ ! 73%;32
B < B < Bys. (12)

_ —1 Bta—Bg
ﬂg = 2cos tBT’

From (12), the relationship between 3; and (3» can be writ-

ten as
B
By = 2cos ! <BZ — 1+ cos ﬂ;) . (13)
Define k = B;s/By1; from (6), k can be given as
B Ay /A A,
jo Bz _ Aw/Ay _ Aw (14)

B Btl B Asl/Ab B Asl.

From (13) and (14), the value of 3; when the second stage

begins to saturate, i.e., 32 = 0, can be expressed as

Bsar = 2cos (2 — k). (15)

Considering that the iron cores cannot be saturated during the
regulation, the maximum f; is

B A
Bmax = 2 €08 1 (2 — Ai) .

From the above and the literature [22], the current harmonic
model of the TSMCR can be described as (17), shown at the
bottom of the page, where 7] represents the nominal fundamen-
tal current and i3, ,; (n =1,2,3,...) represents the nominal
current harmonics.

The relationship between (; and (2 in (17) can be ex-
pressed as

62:07
Bo = 2cos ™t (k— 1+cos’62—1),

(16)

61 S [O; ﬂsat}

61 € (6sat7ﬁmax]-
(18)
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The minimum current THD value of the TSMCR in relation
to the rated current can be given as

[ 2 /.
Z <22j+1) /Zrated

ithd =
j=1
imax - max (ithd) (19)
Ble[o7ﬁmax}
Lopt min (Zmax)

- ke(1,3),me(0,1)

where i, 4 = max(i}).
In (19), 4},,.q varies for each set value of k& and m when (3;
ranges from zero to [3,,.x. The constraints of k& have physical
meanings. Because the iron cores cannot be saturated during the
regulation, i.e., Omax is restricted by A,/Ag1, its value cannot
exceed 27. From (16), the maximum ratio between the iron core
and the first stage can be obtained, and its value is three. The
area of the second stage is larger than that of the first stage but
less than that of the iron core; thus, k& is limited between one
and three. The physical meaning of m is clear when the sum
of I1/(l1 +12) and lo/(l; + l2) is one. If any of the values is
zero, only one stage is assumed to exist. For each set value of
k and m, there is a maximum value 7,,,, of the total har-
monics itpq during the regulation of 3; from zero to fyax-
The minimum value iqpt Of imax can be obtained when k and
m are different. iy, will also has different values if Bpax is
considered.

IV. ANALYSIS, SIMULATION, AND
EXPERIMENTAL RESULTS

A. Analysis of the Mathematical Model

The current harmonics of the TSMCR are determined by
the parameters k& and m from (17)—(19). The values of ¢yax
are different when k£ and m change. Thus, we can obtain the
optimal values of the area ratio k and the ratio of the length
m that result in a minimum value of 7,,,. The flowchart of
the optimization algorithm to find these parameters is shown
in Fig. 6. There are external and internal iterations in this
algorithm. The external iterations determine the values of k. For
each value of k, the internal iterations calculate the minimum
value of 7y,,x by changing the value of m. The value g, is the
minimum value of all recorded results when the values of & are
different in the external iteration. The accepted step values of
k and m are both 0.01. More precise results can be obtained
by reducing the step size. The calculation results show that the
minimum value ip¢ occurs when £ = 1.9 and m = 0.37. The
values of 7,,,« obtained as a function of K and m are shown in
Fig. 7 based on the assumption that Ay /As; = 3 (Bmax = 27).
The area ratio k is replaced by K (K = k — 1) in Fig. 7.

The harmonic distribution in the output current of the
TSMCR when k£ = 1.9 (K = 0.9) and m = 0.37 is shown in
Fig. 8. Two wave crests can be obtained in the total harmonic

sin(nfB1)

a7)

i _ m
2n+1 7 (2n+1)w 2n

2(n+1)

it = 5= [(B1 —sin f1)m + (B2 — sin B2) (1 — m)]
X _ sin[(n+1)51]} L 1-m {sin(n,@g) _ sin[(n+1)ﬁ2]}
(2n+1)m 2n 2(n+1)
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Fig. 6. Flowchart of the optimization algorithm of the TSMCR.

Fig. 7. Relationships among the minimum current THD, the area ratio, and
the length ratio.
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curve, and both of their values are 3.61% of iy, ;. More values
of iop are listed in Table I when the values of A;/A, are
different.
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TABLE 1
VALUES OF iopt WHEN Smax RANGES FROM 7 TO 27

Ab/Asl Bmax ’iopt(%)
2 3.1416 (m) 11.34
22 3.5443 8.08
2.4 3.9646 6.17
2.6 4.4286 4.96
2.8 4.9962 4.16
29 5.3811 3.86
3.0 6.2832 (27) 3.61
R, R, R;
—’\/V\,— STo

ot gfg z

\_5[@

ST, P, T3EZEI 7, [] }
PN}

) 2]
apoiq
=

fi)

Fig. 9. Simulation model of the TSMCR (1000 VA/380 V).

TABLE 1II
SIMULATION PARAMETER CONFIGURATION IN MATLAB/SIMULINK

Component Parameter Value
FEae Peak amplitude 53732 V
FEge Peak amplitude 2947V
Ri, Ro Resistance 5.15Q
R3 Resistance 0.565 Q2
Sy, S11 Nominal power 500 VA
MCR Saturation characteristic [0,0; 0, 1; 1, 2]
TSMCR  Saturation characteristic [0, 0; 0, 1; 0.33, 1.9; 1.33, 2.9]

B. Simulation Based on MATLAB/Simulink

A simulation model in MATLAB/Simulink for the TSMCR
is shown in Fig. 9. The model is based on the equivalent
circuit shown in Fig. 3. The device is modeled by two saturable
transformers. In the model, the high-voltage windings are con-
nected with different polarities, and the low-voltage windings
are connected with the same polarity. The dc current controller
is composed of a single-phase full-bridge controlled rectifier;
Epc is about 5% of E,., which is set by the tap ratio (Ny, /)
of the control winding. The current harmonics of the ac side
can be reduced, which is tested and verified by configuring the
saturation characteristics of the saturable transformers.

The main simulation parameters are listed in Table II. In
this table, the saturation characteristics of both the conventional
MCR and the TSMCR are presented.

The output current of the MCRs through the resistor R;
can be changed smoothly by regulating the switching angles
of P, and P,. The waveforms of the output current of both
the conventional MCR and the TSMCR are shown in Fig. 10.
Based on Fig. 10, we can find that the TSMCR greatly reduces
the maximum current harmonics by nearly half compared to
those of the conventional MCR. The highest total harmonic
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Fig. 11. Fast Fourier transform analysis of the theoretical rated output current

of the TSMCR at steady state.

imax values of the TSMCR and the MCR are 3.6% and 7%,
respectively. The simulation results of the TSMCR shown in
Fig. 10(b) are the same as the harmonic analysis results shown
in Fig. 8. The current harmonic analysis when the TSMCR
outputs its rated current in the steady state is also shown in
Fig. 11. The current magnitude and THD of ¢4, are 2.558 A
and 1.33%, respectively. The simulation shows that the struc-
ture of the TSMCR effectively reduces the current harmonics
of conventional MCRs.

The magnetic fluxes of the iron cores are shown in Fig. 12.
Curve B; begins to increase and By begins to decrease at
the same time (¢ = 0.1 s), and both stop changing when ¢t =
0.9 s. This result further explains the working principle of the
TSMCR: The ac magnetic flux changes smoothly by regulating
the switching angle of the thyristors, and a continuous output
current Ztgmer Can be obtained.

C. Experimental Results

A prototype of the TSMCR (1000 VA/380 V) has been
designed and constructed, as shown in Fig. 13.

Magnetic flux (pu)

H i i 1 i
05 06 07 08 09 1
Time (s)

1] 01 02 03 04

Fig. 12.  Magnetic fluxes (51 and B2) in the iron cores of the TSMCR during
the regulation when (31 changes from O to 27.

. 230 mm

w O]

wu 08¢

Fig. 13.  Prototype of the TSMCR.

The experimental results are shown in Fig. 14. As shown
in Fig. 14, the TSMCR greatly reduces the maximum current
harmonics inq (from 7% to 3.6%) during the regulation. We
find that the experimental results of the TSMCR are almost
the same as the theoretical results shown in Fig. 8. ¢t,q was
measured based on several different values of (3, which were
calculated in (9)—(12). The rated output current of the TSMCR
is not sinusoidal like the traditional output, but it is still as low
as about 2.2%, which can be ignored without the need for a
harmonic filter.
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Fig. 16. Distortion of the experimental rated output current of the

TSMCR.

The rated output current waveform and its distortion analysis
are shown in Figs. 15 and 16, respectively. The curve in Fig. 15
is obtained at the transition when the output current changes
from zero to rated using a unique control method. The control
method can greatly reduce the transient process of the TSMCR.
The current is sinusoidal after £ = 30 ms. The peak value is
2.89 A, and the THD is 2.04% in Fig. 16. The experimental
results are very close to those from simulations.

V. CONCLUSION

This paper has proposed a method to reduce the harmonics
of the MCR that introduces additional stages in the magnetic

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 59, NO. 7, JULY 2012

valves. The theoretical research suggests that there were mainly
two parameters that affect the harmonic current.

1) Parameter k ranges from one to three and represents the
area ratio of the second stage to the first stage.

2) Parameter m ranges from zero to one and represents the
ratio of the length of the first stage to the total length.

Based on the two parameters, the mathematical model for
harmonic analysis of the TSMCR has been presented. An op-
timization algorithm has also been introduced to search for the
optimal value of the two parameters k and m, which can be used
to reduce the output harmonics of the TSMCR. The results from
simulations and experiments show that the reduced harmonic
current mainly consists of the third and fifth harmonics after the
compensation. The maximum total harmonics can be limited
to 3.61% relative to the rated output current of the TSMCR
during the regulation without any additional harmonic filter
device.
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