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Novel Over-Current Tripping Device With Multilevel Adjustment Capability
Based on Magnetic Coupling for Air Circuit Breakers in DC Traction System

Weijie Wen”, Jinghan Fan"”, Bin Li

Abstract—In the dc traction power supply system in subway,
over-current tripping device (OCTD) is essential for air circuit
breakers as backup protection. At present, current threshold value
(It1,) of OCTD is adjusted by the cooperation of magnetic circuit
regulating block (MCRB) and spring. Depending on MCRB is
installed or not, only two-level adjustment can be realized, resulting
in low adjustment accuracy of I;;,. In this letter, a novel OCTD
based on controllable magnetic coupling is proposed. Instead of
using MCRB, an auxiliary winding wrapped on the static iron
core is added, with different resistors and thyristors attached. By
controlling thyristors, a wide-range and multilevel adjustment of
I, can be achieved. Benefits of the proposed method are: reducing
the stiffness factor of spring from 55 to 42 N/mm, improving the
adjustment accuracy from 0.66 to 0.33 kA/mm, and adjusting 7},
online without power supply system interruption.

Index Terms—Air circuit breaker (ACB), current threshold
value, magnetic coupling, over-current tripping device (OCTD),
thyristor module.

1. INTRODUCTION

C TRACTION power supply system is often used in a
D subway system. When a short-circuit fault occurs, fault
current could reach tens of kiloampere [1], [2], and the typical
fault current recorded in field is illustrated in Fig. 1(a). To
interrupt the fault current, commercial low-voltage dc breakers
(0.75 kV/1.5 kV), mainly provided by GE [3] and Secheron [4],
are installed at the outlet of the diode rectifier [5]. Considering
air is used as the arc-extinguishing medium [6], this kind of
breaker is named as air circuit breaker (ACB) for convenience
in this letter.
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Fig. 1. Full diagram of ACB. (a) Fault current. (b) Physical structure.
(c) Output characteristic of existing OCTD. (d) Structure of existing OCTD.

To handle diversified faults with random position or resis-
tance, multiple tripping devices are installed in ACB, including
electro-dynamic tripping device (EDTD), electromagnetic trip-
ping device (EMTD), and over-current tripping device (OCTD)
[7], [8], as shown in Fig. 1(b). Usually, ACB is tripped by
EDTD or EMTD, which receives signals from relay protection
[9]. However, both EDTD and EMTD are invalid when relay
protection loses power [10]. In addition, the response time of
EDTD and EMTD is usually >10 ms, which is too long for
nearby fault. Therefore, OCTD, which is actually a mechanical
device controlled by fault current itself and does not rely on relay
protection, must be installed as a backup protection to trip ACB
when EDTD and EMTD are invalid.

The structure of OCTD is shown in Fig. 1(d), where SIC
indicates static iron core, MIC indicates movable iron core, and
MCRB indicates magnetic circuit regulating block. The forces
applied on MIC are shown in Fig. 1(d), including F,, Fx, and F.
Fyy is the electromagnetic force induced by the fault current; F
is the reaction force provided by the spring; F is the mechanical
drag force. F, is much smaller than F,, and Fy, and can be
ignored.

The working principle of OCTD is: when the fault current
exceeds Iy, the induced F,, would exceed Fi, resulting in
MIC moves up to trip the separation of contacts inside ACB
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[7]. Therefore, I}, is determined by the pre-set Fy, which is
in direct proportion to the compression displacement (xi) of
spring. The relationship between xy and Iy}, is defined as the
output characteristic of OCTD, just as shown in Fig. 1(c).

In practice, ACB needs to be applied in various dc traction
systems, and their loads are different. When a system only has
one train running (such as test line), its rated current is only
800-1200 A, and I}, should be set lower to ensure the sensitivity
of protection. When there are multiple trains running [11], the
rated current is higher and maybe close to 4 kA, so I, needs
to be set higher to avoid the mis-operation of OCTD caused by
current fluctuations. Therefore, I}, needs to be adjustable, and
its value depends on the load of system.

To meet the needs of different systems, the adjustment range
of Iy, is usually set within 4—15 kA [3]. However, there is a
maximum limit for the compression displacement (xy) of spring,
and adjusting F; alone cannot achieve such a wide range of Iy,.
Therefore, magnetic circuit regulating block (MCRB) is used to
split the range of Iy}, into two levels. The working principle is: in
Fig. 1(c), when MCRB is installed, the reluctance of the looped
magnetic circuit is relatively small. /;}, inrange of 4-10 kA could
generate enough F,, to overcome Fy in range of 275-1155 N,
so that MIC moves up to trip ACB, forming the first level of /y,.
When MCRB is removed, the reluctance of the looped magnetic
circuit increases. Larger i}, in the range of 10-15 kA is needed
to generate Fy, to overcome Fy in the range of 605-1045 N,
forming the second level of /yy,.

According to Fig. 1(c), in existing OCTD, the maximum
force of spring should be not less than 1155 N. Due to space
limitation inside ACB, the spring must have a high stiffness
factor k to ensure xi within limits, meaning the adjustment
accuracy of Iy}, is quite low. For example, to adjust I;;, from
13 to 14 kA, xi of spring should increase by ~1.5 mm, meaning
the adjustment accuracy is 0.66 kA/mm. In practice, the spring
is compressed manually, and it is very difficult to obtain accurate
I;1, within such a small interval. In addition, to save space inside
ACB, the maximum allowable force provided by spring is only
~1200 N. Referring to Fig. 1(c), when Iy}, of 10 kA is desired,
the spring has to be compressed near limits for a long time to
provide 1150 N, meaning plastic deformation may occur and
cause random changes of k and Fy, further aggravating the error.
Another problem is in practical use, MCRB is manually screwed
ON or OFF, meaning the adjustment has to be offline, which is
quite inconvenient.

To tackle these problems, a novel OCTD based on magnetic
coupling is proposed in this letter. By adding auxiliary wind-
ing (AW) with thyristors and resistors attached, a multilevel
adjustment of I}, can be achieved by controlling thyristors. The
research is validated by thorough theoretical analysis, simulation
and experiments.

II. PROPOSED OCTD
A. Possible Multilevel Adjustment Methods of 1, in OCTD

To find better method to realize multilevel wide-range ad-
justment of /i},, basic working principle of possible multilevel
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Fig. 2. Multilevel adjustment of /;}, in OCTD. (a) Changing magnetic circuit
by MCRB. (b) Changing electrical circuit by adding AW.

adjustment methods is discussed to guide the design of novel
OCTD.

Referring to Fig. 1(d), based on Ampere circuit law, the
magnetic flux ($,,) in looped magnetic circuit can be expressed
as (1), where ny (=1) is the turn of current through busbar;
I, is the current through busbar; R, is the total reluctance of
looped magnetic circuit, and it consists of four components:
Rsic, Rviic, RvmcrB, and Rgayp,, indicating the reluctance of SIC,
MIC, MCRB, and air gap between SIC and MIC.

ny - Iy ny - Iy

¢ Ry Rsic + Rmic + Rgap + Rmcrs )

¢m:%Bds = (ZSmO(Bv

n1~11=j{H-dl:> I, < H. 2)

With physical dimensions of OCTD determined, ®,,cB;
I <H, just as shown in (2), where S is the integration area of
B (magnetic induction intensity); / is the integration path of H
(magnetic field strength). Therefore, the relationship curve of
(®1,~I1) has the same shape with (B~H), just as shown in Fig. 2.

The induced electromagnetic force (Fy,) applied on MIC can
be expressed as (3), where p is the permeability of air gap
between SIC and MIC, showing F}, ®,,2. Therefore, if the
relationship curve of (®,,~11) is variable, multilevel adjustment
of I, can be realized.

- =
B-H
Ho

In existing OCTD, referring to (1), when MCRB is installed
or removed, variable Ry, is obtained, and the relationship curve
of (®,,~11) is the red line or blue line in Fig. 2(a). With MCRB
installed or removed, the induced ®,,, by the same current (/7)
varies from ®; to ®(, meaning different F,, is generated, and
the wide range of Iy, is split into two levels.

Referring to (1), except for changing R,,, by magnetic circuit,
another method to change the relationship curve of (®,,~17) is
to add an AW wrapped on SIC. In this case, (1) changes to (4),
where ns is the turn of AW; I, is the current through AW.

F,= -dS = Fp & ¢, 3)

nl'll—ng'lg_ nl-Il—ng-Ig
Rm RSIC + RMIC + Rgap .
“)
By controlling ne and I properly, more than two levels of
adjustment of Iy, could be realized, which is helpful to improve

Pm = D1 — P2 =
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Fig.3. Novel OCTD. (a) Structure. (b) Magnetic fluxes. (c) Equivalent circuit.

the adjustment accuracy of /yy,. Starting from this unique per-
spective, a novel OCTD is proposed by us.

B. Novel OCTD Based on Magnetic Coupling

Structure and equivalent circuit of the proposed OCTD are
shown in Fig. 3. Instead of MCRB, AW wrapped around SIC
is added. Bidirectional thyristors (SCR) and resistors (Rp ) are
connected to the two terminals of AW.

InFig. 3, I; and I indicate the current through busbar and AW,
respectively; @, ®1,, and P, respectively, indicate the main
magnetic flux hinged with /; and /5, leakage magnetic flux only
hinged with /;, and leakage magnetic flux hinged only with /5.

Taking busbar as the primary winding with turn of n; = 1 and
AW as the secondary winding with turn of ny of a transformer,
the equivalent circuit of novel OCTD is derived as shown in
Fig. 3(c), where Ly, L1, and L5, are the equivalent inductance
of &, 1., and P9, respectively, looking from busbar side;
R., R1, and R’y are the equivalent resistance of iron core,
busbar, and AW, respectively, looking from busbar side. R’ is
the equivalent additional resistance in AW, looking from busbar
side. In this case, the mathematical relationship between /; and
I, can be expressed by

Lo=1I+1; Lo 40 = L'y G2 414
(R + Ry)
L'so = (n1/n2)? - Lag;
(R + R}) = (n1/n2)* - (Ra + R).
&)

The working principle of the OCTD is: when SCR; and SCR2
are OFF-state, the total resistance of AW is (Ra1 + Ras + R»), I»
is almost zero, and F), applied on MIC is determined by ®,,1,
which is induced only by /7, forming the first level of Ii}, in
Fig. 2(b). When only SCR; is ON-state, the total resistance of
AW is (Ra2 + R2); along with the rapid increase of I; due to the
fault occurrence, relatively larger /o would be induced, and Fy,
applied on MIC is determined by ®,,,2, which is induced by I3
and I}, forming the second level of Iy}, in Fig. 2(b). When SCR;
and SCRs are both ON-state, the total resistance of AW is Ro;
larger I, would be induced and F;,, applied on MIC is determined
by ®,,3, forming the third level of I}, in Fig. 2(b). Therefore,
by controlling different thyristors, three-level resistance of AW
can be obtained to generate different /5, so that three-level

I = (na/nq) - Io;
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adjustment of /yj, can be realized online easily. It should be noted
that more levels of adjustment of /;;, can be realized by using
more thyristors if needed.

Without changing the dimension of SIC and MIC, parameters
of AW to be determined are R and ns, and they can be obtained
by the following steps.

Step 1: Critical values of first-level Ii;, are classified as
Ith_1min (lower limit) and Iyp,_1max (upper limit). F,, induced by
I, and I, should be less than Fy yax (the maximum allowable
force provided by spring). Therefore, regarding I} to be almost
zero, Ity 1max can be designed according to Fix_max; Ith_1min 18
designed to be the lower limit of /;, (4 kA).

Step 2: After Ity 1max 18 determined, I, for each level can be
selected. For the first level (Iyn <Ii 1max), DO I's is required;
for the second level, when I}, >1j, 1max is desired, I's is needed
to ensure Fy, (induced by I; and 1)) <F\ j,ax. Therefore, the
upper and lower limit of second level (1}, 2) can be determined
by (6). Similarly, the upper and lower limit of third level (/,_3)
can also be determined by

!
Ith_?max - IQ S Ith_lmax; Ith_2min - Ith_lmax
!
Ith_Smax - -[2 < Ith_lmax? Ith_3min = Ith_?max~ (6)

To obtain specific parameters of AW, R5 and ny should be
designed to obtain the required I's. Because Ly, is proportional
with (n2)?, referring to (5), the induced 7’5 looking from busbar
side is irrelevant with ny. With different no, I5 in AW is different,
but '3 looking from busbar side is the same. Therefore, ny can
be designed by considering other factors such as manufacture
difficulty and current limit of AW.

With dimensions of SIC, MIC unchanged, Ly, L'1,, Ry, and
Ry, are determined, and they can be extracted by simulation
based on finite element method. Once n5 and the cross-sectional
area of AW are determined, L'y, and R’, are also determined,
and they can be extracted by simulation. Referring to the value
of I'5 in (6), the value of (R'y + R’4) can be calculated by (5).
Then, taking n, into consideration, the actual value of Ry can
be obtained to split the range of /y;, into multilevel. Within each
level, xi of spring is adjusted to ensure F}, (induced by I;}, and
I'5) is equal to Fy.

In conclusion, rough multilevel adjustment of Iy, is realized
by controlling SCRs in AW; fine adjustment of /;;, within each
level is realized by adjusting xj of spring.

III. SIMULATION OF THE NOVEL OCTD
A. Model Parameters

Finite element simulation model of novel OCTD is estab-
lished in ANSYS. The physical dimensions of SIC and MIC are
shown in Fig. 4, and the depth of model is 50 mm. Its parameters
are designed by the method described in Section II-B. Taking
the three-levels as an example, the range of Iy, is divided as first
level (4-7 kA), second level (7-10 kA), third level (10-15 kA),
meaning I'5 is 3 and 9 kA for second level and the third level,
respectively.

As for AW, ns is set to be 20, the diameter of copper wire
is 2 mm, and R = 0.01 €. Inductance has been extracted by
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Fig. 5. Simulation results. (a) Currents. (b) Forces and displacement of MIC.

simulation in advance (L,, = 4.7E-7TH, L'y, = 7.12E-8H, and
L1, is almost zero). To simulate nearby fault, /; rises up from
0 kA with a rate of 2 kA/ms, as shown in Fig. 5(a). Referring
to (5), Ra1 + Rao is 1 Q and Rp» is 0.1 €2, forming three-level
resistance of (1 + R3), (0.1 4+ R2), and (R2), which corresponds
to three levels of Iiy,.

B. Simulation Results

Taking Iy, = 7 kA in second level as an example, by setting F
to 300 N, simulation results of currents, forces, and displacement
of MIC during the whole tripping process are shown in Fig. 5.

As shown in Fig. 5(a), when /; reaches I;;, = 7 kA at 3.5 ms,
the induced current I’y in AW reaches 3 kA, and according to
(5), Iy increases to 4 kA. As Fy, is decided by I, F), increases
along with the increase of Iy, and it reaches Fi at r = 3.5 ms,
resulting in MIC starts moving.

It should be noted that x, and F) also increases with the
moving of MIC. But F,, rises faster than Fy, resulting in MIC
can move up continuously to the terminal position (4.5 mm) to
trip the separation of contacts inside ACB. Therefore, setting the
resistance of AW to (0.1 + R») to form the second level, I;}, can
be adjusted to 7 kA by setting required Fi of 300 N.

For comparison, simulation results of the existing OCTD
using MCRB and the novel OCTD using AW are shown in Fig. 6.
Relationships between I, and F for the existing OCTD and the
novel OCTD are presented in Fig. 6(b) and (c), respectively. By
splitting more levels in novel OCTD, Fy_p,,x (maximum force
of spring) is reduced from ~1200 to ~900 N. With same space, k
of the spring can be designed as 42 N/mm instead of 55 N/mm,
and the output characteristic of the novel OCTD is shown in
Fig. 6(d).

Comparing Figs. 1(c) and 6(d), when adjusting I, from 13
to 14 kA, xy of the spring increases by 3 mm, meaning the
adjustment accuracy is 0.33 kA/mm, better than 0.66 kA/mm in
Fig. 1(c). Simulation results proved that the novel OCTD can
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(a) Fault current. (b) Fy for different I}, in existing OCTD. (c) F for different
Ity in novel OCTD. (d) Output characteristic of novel OCTD.
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reduce the stiffness factor of spring, improve the adjustment ac-
curacy, and adjust Iy}, online without power system interruption.

IV. EXPERIMENTAL VERIFICATIONS

Experimental platform is shown in Fig. 7. The busbar current
(I1) is generated by a precharged capacitor (C) through an
inductor (L). A freewheel branch (resistor R and Diode) is used
to reduce the decreasing rate of /; after its peak. The part number
of SCR is MFX110A. Tests were carried out with different /1
by setting different recharged voltage on C. The movement of
MIC is observed by high-speed camera. /; and /5 are measured
by Rogowski coils.

As the maximum voltage applied on C is 1 kV, the maximum
current of /; produced in our lab is ~9 kA. To verify the proposed
OCTD, F is set to be 100 N in tests, and experimental results
are shown in Fig. 8.

As shown in Fig. 8(a), for the first level (Ry = 1£2), MIC
starts moving when [y is 2.8 kA, I's = 0.8 kKA, and Iy = I1-I's
= 2.0 kKA. After 1.6 ms, MIC moves over 1 mm (when its top
coincides with the top of SIC). After 2.1 ms, MIC moves to the
terminal position of 4.5 mm, which is enough to trip ACB. As
shown in Fig. 8(b), for the second level (Ry = 0.1 2), MIC starts
moving when /; is 5.3 kA; as shown in Fig. 8(c), for 3rd level
(Ra =0 ), MIC starts moving when /7 is 7 kA. In all the three
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levels, Ij is the same (2.0 kA), generating same F\,, to overcome
F. Therefore, by setting different R 5, the same F corresponds
with different Iy}, (2.8 kA, 5.3kA, 7 kA), validating the proposed
OCTD.

According to Fig. 6(c) in Section III, when F, = 100 N, the
simulation results of I, for three levels are (2.3 kA, 4.9 kA,
7 kA), which derives a little from the experimental results
(2.8 kKA, 5.3 kA, 7 kA). The reasons for the deviations are: 1)
in experiments, frames per second of the high-speed camera is
10 k/s, meaning only one picture is recorded in 0.1 ms. Besides,
the initial movement of MIC is slight, and measurement error
of the initial movement time of MIC is inevitable, leading to a
measurement error of I, in experiments. 2) The fault current
in the experiment is generated by the discharge of precharged
capacitor, and its rising rate (d/;/df) is variable. Differently, the
d/,/dt in simulation is constant before ACB tripping, which is
consistent with the practical fault current shown in Fig. 1. The
difference of d/;/df would induce different current through AW,
causing changes in /.

It should be noted that different d/,/dz can only cause slight
changes in Iy},. The reason is that OCTD is a backup protection
to trip ACB, and it usually deals with nearby faults at the outlet
of rectifier. In this case, d/;/dt is usually less than 2 kA/ms [4],
which is decided by the time constant of faulty circuit. Taking
dl;/dt = 1 kA/ms and 2 kA/ms as examples, when assuming
Iin, = 4 kA, the time for I; to reach I, (Ar) is 4 and 2 ms,
respectively. Referring to (5), if the resistance is neglected,
dr'5/dt is proportional with d/;/de, the induced current (I'y =
dr's/de x Ar) through AW is the same, resulting in same I
(= I1-T'5) and generating same F,,. However, in practice, the
resistance cannot be neglected completely, meaning it would
cause slight changes of /;}, under different d/;/dz. Still taking F
= 100 N as an example, simulation results of I}, for three levels
are (2.3 kA, 4.7kA, 7kA) when dI;/df = 1 kA/ms, and (2.3 kA,
4.9 kA, 7kA) when d/;/dt = 2 kA/ms. Therefore, the change in
Iy, brought by the variation of d/;/dt is relatively small.

Apart from the tests with fixed Fy (= 100 N), two other tests
were also carried out, with £}, = 400 N set in the first level and
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Fy = 300 N set in the second level, as shown in Fig. 9. The
experimental results are quite consistent with the simulations,
validating the proposed OCTD.

V. PERFORMANCE COMPARISON

To present the superiority of the proposed OCTD over the ex-
isting OCTD, performance comparisons in terms of adjustment
range and accuracy are conducted in this section.

According to Fig. 6(b) and (c), Fix_max is ~1200 N for the
existing OCTD and ~900 N for the proposed OCTD. By splitting
the total range of /i), into multiple levels, Fi max is effectively
reduced, and the spring is no longer compressed near its limit.
This can extend the service time of spring, improve the accuracy
of Fy, and enable a wider range of adjustment with a same spring.

The reduction in Fy_,.x also enables the spring with lower
k (stiffness factor) to be used for a same adjustment range.
Comparing Figs. 1(c) and 6(d), k is 55 N/mm for the existing
OCTD and 42 N/mm for the proposed OCTD. With lower k,
the proposed OCTD can improve the adjustment accuracy from
0.66 to 0.33 kA/mm. This provides larger intervals for manual
adjustment of spring, contributing to the adjustment accuracy.

VI. CONCLUSION

Instead of using MRCB, a novel OCTD based on magnetic
coupling effect is proposed in this letter. By controlling different
thyristors, magnetic coupling effect is controllable to realize
multilevel wide-range OCTD. Theoretical analysis, simulation
based on finite element method, and experiments are carried out
to validate the proposed OCTD. Compared with the existing
OCTD, the proposed OCTD can reduce the stiffness factor of
spring from 55 to 42 N/mm, improve the adjustment accuracy
from 0.66 to 0.33 kA/mm, and adjust /;;, online without power
supply system interruption.
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