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A New-Coupled-Inductor Circuit Breaker
for DC Applications

Keith A. Corzine, Senior Member, IEEE

Abstract—In order to eliminate power conversion steps, future
microgrids with renewable energy sources are being visualized
as dc power systems. System components such as sources (solar
panels, fuels cells, etc.) loads, and power conversion have been
identified and are readily available. However, when it comes to dc
circuit breakers, many designs are still in the experimental phase.
The main limitation is that interrupting a current which does not
have a zero crossing will sustain an arc. This paper introduces a new
type of dc circuit breaker. It uses a short conduction path between
the breaker and load as well as mutual coupling to automatically
and rapidly switch OFF in response to a fault. The proposed breaker
also can have a crowbar type switch at the output so that it can
be used as a dc switch. Mathematical analysis, detailed simulation,
and laboratory measurements of the new dc switch are included.

Index Terms—Circuit breaker, fault location, fault protection,
power system protection, thyristor circuits.

1. INTRODUCTION

C electric power is seen as beneficial in a host of modern
D applications, such as electric ships, data centers, micro-
grids with renewable energy, and future applications such as the
dc home. As researchers consider design of dc power systems,
fault protection, and the circuit breaker are of significant inter-
est. Along these lines mechanical breakers for ac systems can be
used [1], but with limited range. Hybrid mechanical/solid-state
breakers have been introduced [2]-[5] with the benefit of low
losses. Another protection method that has been suggested is to
utilize converters and associated control [6]-[9]. Alternatively,
solid-state dc circuit breakers have been considered [10]-[17].
These breakers offer rapid response to faults, but tend to have
higher power losses. The z-source breaker [18]-[25] is a re-
cently developed type of solid-state breaker that automatically
responds to faults. It has advantages of very rapid operation and
automatic disconnection of faulty loads. This paper presents a
new concept in dc circuit breakers which is closely related to the
z-source dc breaker, but with utilization of transformer coupling.
Only recently have researchers suggested coupled inductors not
only for fault detection, but for automatic isolation [26]-[29]. As
shown below, the breaker introduced herein has advantages over
the z-source breaker in terms of requiring fewer components. It
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Fig. 1. Fault sensing techniques. (a) Fault sensing using a path from the
source. (b) Fault sensing using a path from the breaker.

also has a settable level for fault current; that is through breaker
design the transformer turns ratio can be selected to specify how
much fault current is needed for the breaker to operate.

Fig. 1(a) shows a typical arrangement of a circuit breaker
inserted between a source and load. In this circuit, the source
current is monitored for fault current detection. Alternatively,
a capacitor can be connected to ground within the breaker as
shown in Fig. 1(b). This method is good for detecting tran-
sient currents and is used in motor drives for detection of shoot
through. That is, a small capacitor in series with some type of
current sensor can be connected to the dc bus of a drive. Shoot-
through faults create an impulse of current in this capacitor and
the detection can immediately switch OFF the drive’s gate sig-
nals. Likewise, a short path could be added to any type of dc
circuit breaker for fast detection of faults. Instead of monitoring
the main path current (between source and load) and allowing the
source to experience the fault current for a while, the short path
between the added capacitor and load readily indicates the fault.

II. PROPOSED DC PROTECTION CIRCUIT

Now, the abovementioned technique is admirable but, in ad-
dition, the short path can be used as a means of switching the
breaker off in response to a fault. Consider the proposed dc
circuit breaker shown in Fig. 2. During the normal steady-state
operation, current flows from the source to the load through the
SCR and coupled inductors. A fault on the load side will cause
an impulse current ¢, in the short path containing the capacitor
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Fig. 2. Proposed dc circuit breaker.
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Fig. 3. Variation of the proposed dc circuit breaker.

and secondary winding of the coupled inductors. With a turn’s
ratio, this current is reflected to the primary and essentially
pushes the SCR current to zero; at which time the SCR switches
OFF. It should be noted that the turn’s ratio N7 /N, can also be
set so that the breaker does not identify a large change in load
as a fault.

An alternate approach to the proposed breaker is the variation
shown in Fig. 3. In this circuit, the main path current flows
through the primary and secondary windings. As with the circuit
of Fig. 2, the fault current flows through the secondary winding
and causes the SCR current to go to zero.

III. DESIGN AND ANALYSIS
A. Step Load Analysis

One of the main features of the proposed dc switch is its
ability to remain on during a step change in load. Therefore, it is
helpful to know how to design the transformer component and
know exactly what type of step in load will cause the breaker to
switch OFF. From Fig. | and neglecting transformer magnetizing
current

~ fe- ey

For steady-state operation, the capacitor current is zero and
the source current is equal to the output current. Assuming that
a sudden change in output current is entirely represented by a
change in capacitor current, that is

Ai, ~ Ai,. (2
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TABLE I
PARAMETERS OF THE TEST SYSTEM

Ny =70 ry =0.373Q L;p =51 pH Ly =960 uH
Ny =24 ry =0.128 Q Lip=6pH  L,, =116 uH
R=0.2Q C =100 pF
Vrrm = 400V Itrvms = 40 A ty =35 pus
By transformer action
N, No
Aig ~ ——ANi, ~ ———Ai,. 3)
S N1 C Nl [

Now, with an initial output current of

the response of the source current to a change in output current
will be

Ny
iy = I, — —Al,. 5
S 0 N1 0 ( )
This source current, and, thus, the SCR current, will go to
zero when the change in output meets the condition

Ny

—1,. 6

N, o (©)
Therefore, (6) can be used to determine the amount of change

in output current that will result in the breaker switching OFF.

This can also be used to select a turn’s ratio to ensure that the

breaker will not switch OFF during expected load transients.

Ai, >

B. Circuit Design

The breaker designs starts with choosing a wire size and
carrying out a design for the transformer primary winding. In
this case, the wire size has a cross-sectional area of 0.82 mm?,
For this design, the transformer is going to be an air-core type
wound around a square capacitor having dimensions of 70 mm
x 57.5 mm. A number of turns are selected and 5% leakage
inductance is assumed. The resulting parameters are displayed
in Table I. In this case, a turns ratio of approximately three
is selected so that the transient load current can step by about
300%, as per (6), without switching the breaker off. Using the
same wire size as the primary, the secondary parameters are
computed and shown in Table I. In this design, the SCR total
turn-off time ¢, is taken into account and the resonance formed
by L., and C is set that so a quarter cycle [18] is three times
the turn-off time. This results in the value of capacitance in
listed Table I. Finally, the resistance is set to a low value as
not to interfere with the breaker performance, but still provide
damping of the oscillations which occur when the breaker is
switched OFF. The last row of Table I shows the SCR ratings.
A laboratory test system operating with a 100-V 6-A dc load
would be within the ratings of the SCR.

C. Circuit Analysis

Fig. 4 shows the equivalent circuit of the proposed breaker
with the SCR conducting. In this circuit, the transformer resis-
tance and leakage inductance are neglected.
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Fig. 5. Voltage transfer function of the proposed breaker.

In the equivalent circuit, Zrc is the series combination of R
and C and 7, is the parallel combination of R; and C;. Further-
more, L, and L,,» are the primary and secondary magnetizing
inductances of the transformer, respectively. From the equivalent
circuit, it can be determined that the voltage transfer function is

Vo $ (Lo — Li2) + Zrc

T (Laiz @
Vg s ( ”LéL RC 4 Lml + Lm2 _ 2L12) + ZRC
and the impedance as seen from the source is
oy 5 (B4 + Lt + Lz — 2L ) + Zic
= = : (8)
s Lyps | Luo L. Zrc
R C st Tt ) R SE

where

L12 =V Lmle?' (9)

Fig. 5 shows the voltage transfer function according to (7) for
the proposed breaker with parameters in Table I In this example,
R; =50 Q and C; = 0. At low frequencies, it has unity gain.
There is a resonance around 800 Hz and the breaker attenuates
signals of higher frequency. The transfer function is similar to
that of a notch filter with attenuation at high frequencies.

It is instructive to look at the proposed circuit in terms of
its Thevenin equivalent. With the device open-circuited, the
Thevenin voltage can be seen to be v,. Based on mathematical
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Fig. 6. Thevenin impedance of the proposed breaker.
circuit analysis, the Thevenin impedance is seen to be
L Z

Tny = —— L ERE (10)

S(Lm2 _Lml) +ZRC .

Using the parameters from before, the plot of Thevenin
impedance is shown in Fig. 6. At low frequencies, this is seen
as inductive and has the value L,, . This is seen from (10) and
that Zrc is an open-circuit at low frequencies. At high fre-
quencies, the Thevenin impedance becomes a negative resistor.
Thus, considering the Thevenin equivalent, applying a transient
or high-frequency fault results in current flow back to the source
which causes the source (or SCR) current to go to zero.

The dc circuit breaker presented herein is most similar
to the z-source breaker in that it automatically responds to
faults. A number of researchers have produced variations of the
z-source breaker. Herein, these are denoted as the classic z-
source breaker [18], [19], [21], [22], [24], the series z-source
breaker [19], [21], the modified series z-source breaker [20],
[25], and the new series breaker [23]. For clarity, these are de-
picted in Fig. 7. A comparison the various dc breaker topologies
is shown in Table II. The “+” symbol in a column indicates
where that circuit has an advantage, the “—” indicates a disad-
vantage, and the “0” represents a neutral comparison.

As can be seen, the classic z-source breaker had a number
of limitations. A common ground between the source and load
was established with the series design but then the source current
would ring after the SCR switched OFF. This is an inconvenience
since the source current can ring up to a large value and induc-
tance must be increased to limit this ringing. The modified series
design also addressed the common ground and further has the
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Fig. 7. Breaker response to a step change in load.
TABLE I
COMPARISON TO Z-SOURCE BREAKER VARIANTS
Classic ~ Series Modified New  Proposed
series series
Common source/load ground — + + + +
Low-pass filter transfer function — - + + 0
Invariant to load steps — — - + +
No ringing in source current + — — +

desirable property that its transfer function has a low-pass form.
Up to this point, all the designs could mistake a step change
in load of more than 100% as a fault. The new series design
eliminated this by providing an additional branch for the fault
current. However, the source current ringing was still there. The
proposed breaker can be seen to have all of the advantages listed
in Table II. Furthermore, the proposed breaker has much fewer
components. The only questionable property of the proposed
breaker is the voltage transfer function. From Fig. 5, it can be
seen that the proposed breaker does attenuate high frequencies,
but not at the rate of a traditional low-pass filter.

D. Transient Analysis

An approximate transient analysis in response to a step change
in load can be carried out using the circuit of Fig. 4. First, the
following approximations are made. The fault is assumed to
be an ideal short-circuit at the output. The resistance in the
impedance Zrc is assumed to be negligible. The turn’s ratio
is such that only a negligibly small voltage is induced in the
transformer secondary. With these assumptions, the capacitor
current is found to be

ic /S U Liz sin (w,t) 11
where
wo = (LnaC) 7. (12)
From the circuit in Fig. 4 and (11), one can arrive at
pis = Lﬁ:l {1 - %cos (wgt)} . (13)
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From which it is seen that the source (thus SCR) current is

Vs
Lm 1 Lml

where I, is the steady-state source current before the fault oc-
curred; as defined above. Much insight into the operation of the
proposed circuit can be obtained from the above analysis. First,
(11) suggest a sinusoidal pulse in current, which, along with the
source current, will flow to the breaker output. Therefore, the
fault current will have roughly the shape of (11) and its peak
value and pulse duration can be predicted. Next, from (14), it
can be determined exactly when the source current will reach
zero; thus, a prediction of how fast the breaker can switch OFF
can be made. Note that (14) suggest an increasing component in
the current in the second term which in realty will be swamped
by the decreasing component of the third term. Also, it can be
seen that with a poor choice of parameters (capacitance, induc-
tance, and turns ratio), the current may never go to zero. This
can be predicted by taking the derivative of (14) and seeing if
the minimum current is above zero. A practical example of this
is given below.

is =1, +

t — vy

sin (w,t) (14)

E. Detailed Simulation

Based on the parameters of Table I, a detailed simulation was
carried out. In this study, the source voltage is 100 V and the
load is purely resistive. Fig. 7 shows the source and load currents
when the load is stepped from 50 to 16.7 2. The variables are the
same as those labeled in Fig. 2. As can be seen, the load current
steps from 2 to 6 A. This causes a step in capacitor current which
reflects back to the source current causing it to dip, but not quite
to zero. In fact, applying the criteria (6) with I, = 2 A and the
turns ratio given in Table I, states that a change of output current
by Ai, > 5.83 A would cause the breaker to switch OFF. This
says that the output current can step from 2 up to 7.83 A without
switching the breaker off. Therefore, the SCR stays on and the
source current goes to 6 A after the transient.

Fig. 8 shows the response of the proposed breaker to a fault.
In this study, the source voltage is 100 V and the load resistance
is 16.7 €. A bolted fault occurs at the output which is repre-
sented by a 10-mS) resistance. As the output current starts to
rise, the current reflected in the transformer causes the source
current to directly go to zero in microseconds. After the SCR
switches OFF, the load current goes up to over 100 A as the
capacitor discharges. Incidentally, the approximate analysis of
(11) predicts a peak fault current of 99 A. The SCR voltage first
goes positive, and it is, thus, reverse biased for about 100 us;
allowing the SCR to completely turn off. When the SCR voltage
goes negative and is equal in magnitude to the source voltage,
the diode switches ON stopping the resonance.

IV. LABORATORY VALIDATION

A laboratory prototype of the proposed breaker was con-
structed according to the parameters of Table I. Fig. 9 shows a
photograph of the laboratory breaker. In this circuit, the trans-
former connections are wound around the capacitor (seen in
the bottom left) for better volume density. The magnetic field
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Fig. 8. Breaker response to a fault.

Fig. 9.

Laboratory dc breaker.

will be unaffected by the capacitor and the effective air-core
inductor will not experience saturation during transients. The
SCR is seen at the right and the resistor is seen at the bot-
tom of the board. The top half of the board contains volt-
age and current transducers which are used only for obtaining
waveforms.
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Fig. 11.  Measured response to a fault.

Fig. 10 shows the source and output current in response to a
step change in load. The output current can be seen to step from
2 to 6 A. The transient component of this current is reflected
through the transformer causing the source current to dip. How-
ever, since the current does not go to zero, the SCR continues to
conduct. After a transient within the circuit, the source current
matches the load current.

Fig. 11 shows measured waveforms of the proposed breaker
in response to a fault. The source current is seen to go to zero; at
which time the SCR switches OFF. The output current reflects
the fault current which increases to about 100 A until the output
voltage drops causing the current to go to zero. The last trace
shows the SCR voltage. After going off, the SCR is reverse
biased for about 100 us, which is longer than the total turn-off
time of the SCR.

V. PRACTICAL CONSIDERATIONS

In this section, a medium-voltage design will be carried out to
show how the proposed breaker may practically fit into a power
system, such as an electric ship. Topology modifications, effect
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of transformer leakage inductance, effect of source impedance,
and rate of fault inception will be considered.

A. Topology Modifications

Fig. 12 shows the proposed dc breaker inserted into a medium-
voltage dc (MVDC) system. Two modifications to the breaker
have been made. First, the RC impedance in the previous design
has been replaces with a pure capacitance. In addition, a charging
resistor R. with an accompanying diode has been placed in
series. The purpose of the charging resistor is to initially charge
the capacitor. That is, when staring (or reenergizing) the breaker,
the source voltage is established then the SCR, labeled 51, is
gated on. This causes a charging of the capacitor through the
transformer and charging resistor. The desired charging time can
be set using the time constant formed by C' and R,.. Furthermore,
the charging resistor limits the initial capacitor surge current.
With the diode in parallel, the charging resistor is bypassed
during fault operation and the breaker responds as described
above.

The next modification to the breaker is a switch-OFF SCR,
labeled \S. This adds an important feature to the breaker in that
it allows the circuit to be used as a dc switch. During steady-state
operation, with the capacitor charged, gating on S discharges
the capacitor into the secondary winding causing the breaker to
switch OFF. Therefore, the breaker can be purposely switched
OFF by gating So. Then, switched ON again by gating 5. It is
important to note that this added switch has the same effect as
crow baring the output as suggested in [25]. However, since the
switch is not placed at the output, it will not cause a short-circuit
there.

B. Medium-Voltage Design

The MVDC system has a source voltage of v, = 1000V
and a power level of 100 kW (R; = 10 2). The source has
and inductance of L, = 10 pH. The design of the breaker was
carried out by selecting a number of turns, turns ratio, and wire
diameter that supports full current (in this case, the wire cross-
sectional area is 0.42 cm?). In this case, a leakage inductance of
10% is assumed. The transformer is made as an air core with a
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TABLE III
PARAMETERS OF THE MVDC BREAKER DESIGN

Ny =40 r; = 10.3 mQ L =69 uH Ly =625 uH
Ny = 14 ro = 3.62 m{ Ly =85 pH Ly, o =77 pH
R, =100 Q C =100 uF
VrRrMm = 1200 V Itrvms = 275 A ty, =25 ps
120
i, (A) 60
0
120
i,(A) 60
0
] /-—-—_
v kv) o1&
<
0 20 40 60 80 100
t (ms)

Fig. 13.  Simulation demonstrating switch-OFF capability.

solenoid structure with a radius of about 10 cm which has a mass
of 13 kg and a volume of 16 L. Table III shows the transformer
parameters.

The breaker capacitance is set to 100 pF and the charging
resistance is set to 100 2. This seems quite reasonable since the
capacitor charging current will have a peak value of 10 A (based
on v = 1000 V and R, = 100 2). Furthermore, the charring
time constant will be (based on C' = 100 pF and R, = 100 ).

For this design, a Vishay ST173S12EJO-PbF SCR was used
which has sufficient voltage and current ratings. The SCR is a
fast turn-off type with a total turn off time of ¢, = 25 us.

Fig. 13 shows simulation results of the proposed breaker
demonstrating closing and opening ability. First, S is fired and
the capacitor is charged through R.. Since the time constant
here is 10 ms, the capacitor can be seen to be fully charged
at 50 ms. At this point, the breaker is supporting a 100-kW
load. At 60 ms, S5 is gated causing the capacitor to discharge
in the transformer secondary and causing the proposed circuit
to switch OFF. Thus, this added SCR can be used to purposely
switch OFF the load.

Fig. 14 shows results of a simulation where the breaker
switches OFF in response to a fault. Initially, the breaker is
supporting a 30-kW load when the load is suddenly increased
to 100 kW. As can be seen, the source and output current step to
rated load and the breaker does not switch OFF. This could be
predicted using the turns ratio and (6). Also note that the voltage
across the transformer vy spikes to about 500 V. A measure-
ment of this voltage could be used to differentiate between a
step change in load and a fault. The fault is applied at the end of
the simulation and the output current surges, causing the breaker
to switch OFF and the source current simply goes to zero. Note
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Fig. 14.  Simulation demonstrating fault handling.

that the transformer voltage v spikes to about 1 kV when the
fault is applied. Thus, the voltage vy may be of some use in
indicating faults. As a control signal, a measure of vy may be
useful in removing the signal to .S; for autonomous operation
[25].

C. Effect of Grid Impedance and Leakage Inductance

In traditional breaker circuits, there is a limit to the amount of
grid impedance that can exist for the breaker to work [30] which
is sometimes expressed as the L/R ratio of source inductance to
fault resistance [30]. The source inductance was illustrated in
Fig. 12, and can be included in the transient analysis. First, using
(13), it is seen that the source current is a minimum when

Y
tmin = \/ngC’cosf1 (]\72) .
1

Now, by including the source inductance, (14) becomes

Vs
o= 1 — )¢
" 0+<Lml+Ls>

Vs .
_ <IM) v/ L1 Csin (w,t) .

Substituting (15) into (16) and requiring that the source cur-
rent go to zero in order for the SCR to switch OFF, the source
inductance is

Ls,max = % |:\/ LmICSin (wotmin) - tmin:| - Lml- (17)

Essentially, the breaker will not switch OFF if the source
inductance is greater than that predicted by (17). In this case,
the fault current will continue to be drawn from the source;
a phenomenon noted in the literature [27]. For the medium-
voltage design in Table III, (17) predicts a maximum allowable
source inductance of 600 pH. According to detailed simulation,
the source inductance can be raised to 700 pH before the breaker
fails; the slight difference owed to the approximation in (11).

Considering the circuit of Fig. 12 and the equivalent circuit of
Fig. 4, it can be seen that including leakage inductance in the pri-

15)

(16)
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mary winding has the same effect as adding source inductance.
Also, note that the calculation of Ly ,, for this design is much
less than the leakage inductances shown in Table III. Further-
more, a relatively large value of 10% leakage inductance was
used in this design. Considering these facts, the effect of leakage
inductance on the breaker operation is negligible compared to
the effect of source inductance.

D. Fault Inception

The proposed circuit, along with the z-source breaker, rely on
fast fault inception [18]. Consider the medium-voltage design in
Table III operating from an ideal source. Using detailed simu-
lation, it was determined that if the fault conductance is ramped
from O to 100 S in a time greater than 17.2 ms, the breaker
fails to isolate the fault. That is, in this case, the breaker will
not automatically respond to a fault that ramps its conduction
slower than 5814 S/s. In cases like this, monitoring the trans-
former voltage vy is of alittle use because it depends on the rate
of change of output current. In this case, what is recommended
is monitoring the output current and comparing it to a thresh-
old. When the threshold is reached, S5 can be fired so that the
fault is cleared. Using this method, the proposed circuit operates
much like a traditional solid-state circuit breaker. Therefore, the
proposed breaker will always operate in a similar way to other
breakers, but will have the added capability of automatically
and quickly responding to faults with rapid inception.

VI. CONCLUSION

As dc sources and dc microgrids become more prevalent, a
solution is sought for dc switches and circuit breakers. Tradi-
tional methods relied on oversized ac breakers, hybrid breakers,
and solid-state breakers. The dc switch proposed in this paper is
a variation on the solid-state breaker, but has the added feature
that it can automatically switch OFF in response to faults. Fur-
thermore, there the turn’s ratio in the circuit’s transformer allows
the designer to determine the amount of transient current that
will be identified as a fault; as opposed to a step change in load.
Analysis, design, and laboratory measurements demonstrate the
proposed breaker’s response to a step change in load and to a
fault. The breaker compares favorably to recent designs in that
it has a common ground between source and load, is invariant
to step changes in load, and does not produce ringing resonance
in the source current.
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