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Abstract—The Z-source dc circuit breaker has been introduced
as a new circuit for quickly and automatically switching OFFin re-
sponse to faults. A modified Z-source breaker design is introduced
for the operation at medium-voltage dc with future applications
in naval ship power systems. Compared to existing designs, the
respective design will allow for greater control of step changes in
load. This new design also limits capacitor current in the circuit and
can be easily modified for fault detection. Analysis of the breaker
operation is presented during both the fault and step changes in
load. Low-voltage laboratory validation of the breaker was carried
out on two different versions of the proposed circuit.

Index Terms—Circuit breakers, medium voltage dc, power sys-
tem protection, RLC circuits, thyristors circuits.

I. INTRODUCTION

D ESIGN innovations have furthered the use of dc power
in ship systems, in particular medium-voltage dc sys-

tems [1]–[3]. Protection devices for dc systems are limited,
since dc does not produce a natural zero crossing as it does with
ac systems [4]–[9]. Normally, in dc systems, the interruption
of current produces an arc which is sustained by the system
inductance, preventing the system from turning OFF under fault
condition [10]–[22]. The Z-source breaker was introduced as a
means to interrupt the dc power in response to a fault. An L–C
circuit connection in this breaker was first part of a new inverter
input circuit [23]–[25] and was later developed for use in a
breaker. Previous Z-source breaker designs include the classical
Z-source breaker design [26]–[29] and the series connected Z-
source breaker design [30]; shown in Figs. 1 and 2, respectively.
These breakers are quite different in design. The classical de-
sign provides isolation from the fault to the source through the
SCR; however, the frequency response of the classical Z-source
breaker is undesirable as it resembles that of a band-pass filter
which would allow harmonics from the dc supply to transfer to
the load. Also, the classical design does not include a common
path to ground through the breaker. This problem is mitigated
in the series connected design. The series connected design dif-
fers from the classical Z-source design, in that it has a common
path to ground but it carries the disadvantage of not providing
isolation between input and output when the SCR is turned OFF.
The transfer function of the series connected Z-source breaker
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Fig. 1. Classical Z-source breaker.

Fig. 2. Series connected Z-source breaker.

is improved as it resembles a low-pass filter, giving it the ability
to preserve a pure dc signal.

The breaker needs to have a gate signal for the SCR at the
start of the operation [25]–[30]. If the load is discontinuous
then the gate signal must be provided every time the breaker
current needs to increase from zero. This makes the gate control
considerably more complex and increases the risk of a fault
going undetected, so for this paper only continuous resistive
load will be discussed.

For a purely resistive load, neither of these designs will al-
low instantaneous increases in the load current greater than
their steady-state current. Consider the circuit in Fig. 1 with-
out the output capacitor, i.e., iCl equal to zero in case of a
step change. Any step increase in current must come through
the breaker capacitors because inductor current cannot change
instantaneously. Current balancing at the cathode of an SCR
shows that if the capacitor current becomes greater or equal to
the steady-state load current, it will push the SCR current to zero
hence opening the breaker. If either of these breakers were to
experience a step change in load greater than their steady-state
current in the absence of the output dc capacitor, the breaker
would turn OFF; effectively mistaking a change in load for a
fault. If load capacitor is present then breaker capacitors can be
designed to control exactly how much step change is to be al-
lowed. This relationship between downstream capacitance and
minimum fault resistance is analyzed extensively in previous
works [17] and [27]. Two new breaker designs are introduced
herein which allow step changes in load even in the absence of
output capacitor.
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Fig. 3. Modified Z-source breaker, design1.

II. NOVEL DC CIRCUIT BREAKERS

The basis for the new Z-source breaker designs is the ad-
dition of a capacitive current divider, which would allow two
paths for current to flow during fault or load change conditions.
The addition of the current divider within the breaker design
allows for a change in current that is greater than the steady-
state current even without output capacitance. This change is
dependent on the capacitor values. Analysis suggests that the
capacitors would naturally be subject to a high amount of cur-
rent during fault conditions, and therefore, methods were chosen
to limit the amount fault current that is seen by the capacitors.
The first method, designated as design 1, utilizes resistors to
limit the capacitor current. The second method, designated as
design 2, utilizes inductors for current limiting. A discussion
of the simulation results, transfer function analysis, design pro-
cedures, and laboratory results is presented in the following
sections.

A. Design 1-Capacitor Current Divider With Resistive
Current Limiting

The first modified design is shown in Fig. 3. During steady
state operation, the current will flow to the load through the
inductors L1 and L2 . The first design consists of a capacitive
current divider created by C1 and C2 which creates two current
paths. One path consisting of C2 and R2 will allow current to
flow through the SCR in the opposing conventional direction
allowing the breaker to turn OFF in the event of a fault. The
second path consisting of R1 and C1 allows current to flow
through the capacitor C and to the load allowing a partial amount
of transient current to flow into the load. The capacitance values
for C1 and C2 will determine how high the transient current will
be allowed to reach before the breaker considers the transient
current as a fault. The resistors in series will limit the amount
of transient current in the capacitors. The reliability of these
components will need to be high, as the transient current will
flow through them to remove the fault. The integration of these
resistors allows for fault detection since the resistor voltage
indicates the fault current. This property may be utilized for
multiple breaker interoperability.

When the breaker is operating in steady state, the circuit can
be simplified as shown in Fig. 4 by considering the SCR as
closed and ideal. The combination of R1 and C1 in series and
in parallel with the series combination of R2 and C2 will be
designated as the impedance Z1 . Further combining L2 and C
makes the impedance designated Z2 . The transfer function of

Fig. 4. Design 1 simplified circuit.

Fig. 5. Bode plot for voltage transfer of design 1.

TABLE I
COMPONENT VALUES FOR DESIGN 1 BODE PLOT

R1 (Ω) R2 (Ω) C1 (μF) C2 (μF) C (μF) L1 (mH) L2 (mH)

1 1.5 30 20 50 1.8 0.9

the breaker is

H =
(

1 +
sL1(Z1 + Z2 + Zload)

Z1(Z2 + Zload)

)−1 (
Zload

Z2 + Zload

)

(1)

Z1 = [[(sC1)−1 + R1 ]−1 + [(sC2)−1 + R2 ]−1 ]−1 (2)

Z2 = [sC + (sL2)−1 ]−1 (3)

Zload = (sCload + R−1
load)−1 . (4)

The Bode plot of (1) is shown in Fig. 5 for typical values of
R, L, and C components. The values of components used are
listed in Table I.

The frequency response of the system appears to approxi-
mately match a low-pass filter with −3 dB cutoff frequency
near 660 Hz and a notch at 750 Hz.

B. Design 2-Capacitor Current Divider With Inductive
Current Limiting

The second design, shown in Fig. 6, is similar in operation
to the first design. This design utilizes two inductors instead
of the resistors. The inductors in this design serve the same
purpose; to limit the amount of transient current that is allowed to



7396 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 10, OCTOBER 2016

Fig. 6. Modified Z-source Breaker, design2.

Fig. 7. Design 2 simplified circuit.

Fig. 8. Bode plot for voltage transfer of design 2.

flow through the capacitors. Current flows through the capacitor
branch only for transients, so in the case of design 1 shown in
Fig. 3 there will be some additional losses during that period
only. For small resistors and loads with infrequent transients,
these losses will not be appreciable, nevertheless design 2 has a
brief advantage in this regard.

When the breaker is operating in steady state, it can be sim-
plified from that shown in Fig. 6 to that shown in Fig. 7.

The transfer function for design 2 can be expressed as

H =
(

1 +
sL1(Z1 + Z2 + Zload)

Z1(Z2 + Zload)

)−1 (
Zload

Z2 + Zload

)

(5)

Z1 = [[(sC1)−1 + sLa ]−1 + [(sC2)−1 + sLb ]−1 ]−1 (6)

Z2 = [sC + (sL2)−1 ]−1 (7)

Zload = (sCload + R−1
load)−1 . (8)

The corresponding Bode plot of (5) is shown in Fig. 8. Val-
ues of the components used are listed in Table II. The transfer

TABLE II
COMPONENT VALUES FOR DESIGN 2 BODE PLOT

La (μH) Lb (μH) C1 (μF) C2 (μF) C (μF) L1 (mH) L2 (mH)

50 75 30 20 50 1.8 0.9

function of this design has a frequency response resembling a
low-pass filter with −3 dB cutoff frequency of about 660 Hz. It
also has notch at 750 Hz and 4.1 kHz.

The response of both the designs to a shunt fault is identical
so either design can be used depending upon the availability
of components. The transfer function differs slightly with the
inductor design having an additional notch but both have the
general properties of a low-pass filter.

Fault clearing ability of the breaker is defined as the max-
imum fault current that could be successfully interrupted. For
ac breakers, it is the arc extinguishing technique that limits this
ability. For the Z-source breaker, the limiting factor is the SCR
specifications such as maximum reverse blocking voltage and
surge current tolerance. Comparing the original design in Fig. 2
to new designs of Figs. 3 and 6, it can be seen that the maxi-
mum reverse blocking voltage in either case is equal to source
voltage as there is only one SCR in conduction path. Also in
neither of these designs will the SCR experience any surge cur-
rent because the transients through the capacitors will always
force to decrease SCR current as shown in [26] and the analysis
in next section. Since, the fault is always large compared to step
changes in load, it forces the SCR current to zero and the fault
clearing ability for the new designs is the same as the original
design.

Both designs 1 and 2 could allow the breaker to tolerate three
or four times a step change in load by selecting appropriate
impedance ratio for the shunt capacitor branches. The next sec-
tion on design and analysis will focus on design 1 only; however,
similar parameters can be used to select components for design
2 as well.

III. DESIGN AND ANALYSIS

Some important expressions for currents and voltages are
derived in this section that allow researchers to select values
for capacitors, inductors, and resistors to be used in a Z-source
breaker design.

Some analysis is already done for Z-source breakers in [17],
where expressions for minimum detectable fault current and
ramp rate are used to design the components. This section
presents how an additional capacitive branch would change
those designs. Furthermore, the overshoot in source current
and SCR recovery time are also taken into account as design
parameters.

A. Maximum Allowed Step Change in Load Current

Assuming the SCR and inductors to have negligible voltage
drop, Fig. 3 can be simplified to Fig. 9. The steady-state current
path is only through the inductors and SCR. The steady-state
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Fig. 9. Breaker circuit just before the fault.

Fig. 10. Equivalent circuit for Z-source breaker for transient current.

Fig. 11. Relation between maximum Rf and ratio of series resistors.

current path is of no interest in this section. If C1 and C2 are
similar in value compared to Cload then the RC network in the
above Z-source breaker could be further simplified to that shown
in Fig. 10 which shows the transient current path. The transient
fault current through this period must be supplied only by the
capacitors in Fig. 10.

The range of fault resistance that would allow breaker to
trip has been derived in the Appendix. Only the final result is
presented here.

Rf <
ln

(
R2
RL

)

CLBW
(

R2
RL

ln
(

R2
RL

)) . (9)

Fig. 11 is the graphical representation of the relation in (9).
All breaker capacitors are assumed to be 30 μF and load ca-
pacitor is taken to be 1 mF. As the ratio of R2 to R1 increases,
higher percentage of the fault current starts coming through the
SCR. This leads to the requirement of a much smaller fault re-
sistance so that enough current comes through R2 to force SCR
current to zero. Also the required fault resistance varies almost

Fig. 12. Simulation results to verify Fig. 11.

proportional to the load resistance which shows that it is not the
absolute value of fault current, but its relation to the load current
that actually turns OFF the breaker.

To verify the relation shown in Fig 11, a simulation is per-
formed in MATLAB Simulink where the effect of different fault
resistances is observed on breakers with various load resistances
and resistors R2 and R1 ratios. All breaker capacitors are as-
sumed to be 30 μF and load capacitor is taken to be 1 mF. Source
voltage of 300 V is used and inductor values are all 1 mH. The
results are shown in Fig 12 and they conform to the prediction
on Fig 11. The y-axis is scaled to emphasize the transient in
current closer to zero. If the fault resistance is close to the min-
imum required resistance to trip, then SCR current will go to a
very small value before recovering.

As shown in previous section, the breaker itself can act as
a low-pass filter so for some small systems the load could be
purely resistive, i.e., CL = 0. For those cases, the calculations
of this section do not hold true as the output voltage will not
decrease exponentially. For those cases, it is even simpler to
calculate the minimum step change in load that would cause the
breaker to turn OFF.

For analysis, the same equivalent circuit from Fig. 10 can
be used. The transient current now would have to pass through
a resistive combination of breaker resistance and fault resis-
tance. The current would rise instantaneously and then decline
exponentially, so the maximum current would occur as soon as
the fault happens. The current labelled iC 2 in Fig. 9 is the key to
turning breaker OFF because the SCR current falls to zero when
that current reaches the inductor current of VS /RL :

iC 2max =
VS

(R1 ||R2) + Rf

(
R1

(R1 + R2)

)
. (10)

Plugging in the condition for turn OFF gives the restriction on
fault resistance

Rf ≤ R1(RL − R2)
(R1 + R2)

. (11)
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Fig. 13. Z-source breaker after the SCR opens.

B. Maximum Overshoot of Source Current

The analysis in this section deals with the response of
Z-source breaker once the SCR is opened. An equivalent circuit
after the SCR opens is presented in Fig. 13 below with Rm as
the series resistance of inductors. In this figure, the worst-case
scenario for fault is assumed where Vout falls to zero instanta-
neously. Output capacitance is assumed to discharge completely
before the SCR opens.

In Fig. 13, two independent current paths can be seen. One
is for the source current that consists of L1 , C, C1 , and R1
resonant components. Other is resonance circuit for C2 , L2 , and
R2 . The steady-state current path consists of load resistance and
inductor series resistances. At steady state, the current is dc so
there is no drop across inductors and also the drop across the
SCR is assumed zero. Assuming that the SCR opens at time
t = 0, the initial inductor current is the steady-state current

iS (0) = iL1(0) = iL2(0) =
VS

RL + 2Rm
. (12)

At steady state, the drop across the SCR is 0 and there is no
current flowing through R1 and R2 so the voltage across C1 and
C2 will be equal. This voltage is calculated as

vC 1(0) = vC 2(0) = VS − Rm iS (0) =
VS (RL + Rm )
(RL + 2Rm )

. (13)

At steady state, the voltage across capacitor C is just the volt-
age drop across the SCR and inductor L2 . Taking into account
the effect of series resistance Rm , this voltage can be calculated
as

vc(0) = VSCR + Rm iS (0) =
VS Rm

(RL + 2Rm )
. (14)

Applying Laplace transform at the source current path with
these initial conditions gives

IS (s) =
a0 + a1s + a2s

2

b0 + b1s + b2s2 + b3s3 (15)

Fig. 14. Relationship between L1 , C , and source current.

where

a0 = VS C(RL + Rm ) + VS C1Rm (16)

a1 = VS (L1(C + C1) + R1C1C(RL + Rm )) (17)

a2 = VS L1R1C1C (18)

b0 = (RL + 2Rm ) (19)

b1 = (RL + 2Rm )(Rm (C + C1) + R1C1) (20)

b2 = (RL + 2Rm )(R1Rm C1C + L1(C + C1)) (21)

b3 = (RL + 2Rm )L1R1C1C. (22)

The inverse for this Laplace is hard to analyze so the next
simplifying assumption is made here. The cubic term in de-
nominator and square term in numerator can be ignored as their
coefficient is much smaller than other terms for typical param-
eter values.

In time domain, the expression for inductor current is

iS (t) = (α1 cosh(wct) + α2 sinh(wct))e−γ t (23)

where

wc =
1
b2

√
b2
1

4
− b0b2 (24)

α1 =
a1

b2
(25)

α2 =
a1

wcb2

(a0

a1
− b1

2b2

)
(26)

γ =
b1

2b2
. (27)

Fig. 14 is a plot for ratio of maximum source current to load
current during a bolted fault. This plot is independent of L2 and
load circuit. R1 is selected to be 0.68 Ω and Rm is taken to be
1.5 Ω. C1 and C2 are selected as 30 and 20 μF, respectively.
An important trend that can be observed from Fig. 14 is that the
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Fig. 15. Simulation results to verify Fig. 14.

Fig. 16. Equivalent circuit after SCR is open.

source current spike is always less for larger values of inductor
L1 and smaller values of capacitor C1 .

A simulation is run in MATLAB Simulink to verify the results
from Fig. 14. Source voltage of 100 V is used with load of
16.67 Ω. Plots of source currents from the simulation are shown
in Fig. 15. In the first subplot, inductor L1 value is kept constant
at 1 mH, while different values of capacitor C are used. In
the second subplot, C is held at 30 μF while different values
of L1 are tried. Source current is normalized to steady-state
value to make comparison with Fig. 14 easy. It can be seen that
the calculations in Fig. 14 closely predict the simulation result.
The simulated waveforms are shown by the solid line and dashed
line shows the calculated result from (23). The prediction gets
slightly less accurate with large values of L1 and C because of
the simplifying assumption made earlier. The dropped terms a2
and b3 in (15) are directly proportional to L1 and C.

C. Reverse Recovery Time for SCR

Once the current through the SCR reaches zero in absence of
a gate signal it turns OFF, but in order to stay off an SCR must
be reverse biased for a certain minimum amount of time which
is specified in the datasheet. Usually it would be less than 40 μs
for a fast recovery inverter grade SCR. After the current through
an SCR falls to zero, the voltage across it can be estimated by
the expressions for iS and iL2 .

Elements L2 , C2 , R2 , and Rm form a simple R–L–C network
as shown in Fig. 16 with initial conditions specified in (12) and
(14). The expression for iL2 is of the underdamped form for

Fig. 17. Voltage across SCR after current falls to zero.

typical component values

iL2(t) = (β1 cos(wdt) + β2 sin(wdt))e−σt (28)

where

σ =
(R2 + Rm )

2L2
(29)

wd =

√
1

L2C2
− (R2 + Rm )2

4L2
2

(30)

β1 =
VS

(RL + 2Rm )
(31)

β2 =
VS (RL − R2)

wdL2(RL + 2Rm )
+

σβ1

wd
. (32)

Equations (23) and (28) lead to an expression for vSCR that
can also be seen from Fig. 17

vSCR = L1
diS
dt

− VS + L2
diL2

dt
+ Rm (iS + iL2). (33)

Equation (33) does not trace vSCR accurately because of the
many assumptions involved in formulating inductor currents
however it gives a fairly close estimate of the resonance time,
which is the only thing of interest in this section for the selec-
tion of SCR. It is important to realize that the resonance time
varies drastically with fault resistance, but for design purposes,
the worst-case scenario where resonance time will be at mini-
mum should be known. The inductor currents in (23) and (28)
have been formulated for a case with bolted faults, so the reso-
nance time calculated from it will be an estimate of that worst-
case scenario. Still it is advised to leave a further 20% margin
when selecting an SCR based on resonance times.

Equation (33) can alternatively be expressed as

vSCR = (λ1 cosh(wct) + λ2 sinh(wct))e−γ t

+ (ζ1 cos(wdt) + ζ2 sin(wdt))e−σt − VS (34)
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Fig. 18. Relation of L2 and C2 to resonance time.

Fig. 19. Simulation results to verify Fig. 18.

where

λ1 = L1(α2wc − γα1) + Rm α1 (35)

λ2 = L1(α1wc − γα2) + Rm α2 (36)

ζ1 = L2(β2wd − σβ1) + Rm β1 (37)

ζ2 = L2(−β1wd − σβ2) + Rm β2 . (38)

Using (34) the resonance time is plotted in Fig. 18 for various
values of L2 and C2 . All the other parameters are held constant.
Source voltage of 100 V is used. All the capacitor values are
set to 30 μF and inductor L1 is taken to be 1.8 mH. Resistor
values for R1 , R2 , Rm , and RL are selected as 0.68, 1, 1.5,
and 16.67 Ω, respectively. The trend shown in Fig. 18 is that for
higher values of inductor and capacitor, the SCR stays reverse
biased for longer and that makes intuitive sense because the
components will be storing energy for longer.

To verify these results, a simulation is run in MATLAB
Simulink using the same parameters as the calculations. Fig. 19
shows the SCR voltage from simulation in solid line and (34) is
plotted with dashed line. Resonance time is the time taken for
voltage to cross zero so the fault is created at t = 0 s to make it
easier to read resonance time from the graph. In subplot 1, L2
is set to 0.9 mH while different values of capacitor C2 are tried.

Fig. 20. Lab test schematic.

TABLE III
COMPONENT VALUES FOR LAB SETUP DESIGN 1

R1 (Ω) R2 (Ω) C1 (μF) C2 (μF) C (μF) L1 (mH) L2 (mH)

0.68 1 30 20 30 1.8 0.9

TABLE IV
COMPONENT VALUES FOR LAB SETUP DESIGN 2

La (μH) Lb (μH) C1 (μF) C2 (μF) C (μF) L1 (mH) L2 (mH)

50 75 30 20 30 1.8 0.9

In subplot 2, C2 is set at 20 μF and different values of inductors
are tried. The simulation results are fairly close to the predicted
time from calculation. Equation (34) does not predict the initial
voltage accurately, but it eventually catches on with the simu-
lated waveform and so the error in resonance time prediction is
small.

IV. LABORATORY RESULTS

Laboratory validation of both the previously discussed de-
signs was performed on a low-voltage laboratory setup that
would allow breaker testing in all three modes of operation. The
schematic of laboratory setup is shown in Fig. 20. Total load con-
sists of three resistors each rated at 50 Ω connected in parallel.
The first resistor is connected to the Z-source breaker directly
whereas the other two loads are connected through a switch.
This allows for testing a step change in load, i.e., to change
the steady-state current to three times its initial value. Note that
there is no output capacitor in Fig. 16, so the previous Z-source
designs would not have allowed such large step change. For
design 1, R2 and R1 are selected as 1 and 0.68 Ω, respectively,
using (11). This makes sure that the step load of 25 Ω is not
considered a fault. Using the same ratio, C2 and C1 are taken
as 20 and 30 μF. To keep the surge in source current less than
double, the steady-state current C = 30μF and L1 = 1.8 mH
are selected from Fig. 14. Finally, to keep the resonance time
greater than 50 μs, L2 = 0.9 mH is selected using Fig. 18. The
inductors used for the lab setup are not machine-coiled so their
series resistance Rm is rather high at 1.5 Ω. For design 2, L2
and L1 are selected with the same ratio as R2 and R1 in design
1. The component values are summarized in Table III and IV
for design 1 and 2 respectively.
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Fig. 21. Design 1 Z-source breaker.

Fig. 22. Simulation of step change in load for design 1.

The first design, shown in Fig. 21, was tested at 100 V during
a step change in load and during a fault. The step change showed
that the breaker remained ON and continued to supply the load.
The results for this test are shown in Fig. 22, including the source
current and the SCR current. All the waveforms are imported
from lab oscilloscope into an excel file and then plotted through
MATLAB. The SCR current drops but does not quite reach
zero which keeps the breaker ON. The fault test was conducted
by shorting the dc bus using an SCR, to ensure that the fault
resistance is as constant as possible. Fig. 23 shows the results
from this test, including the source current, SCR current, SCR
voltage, and R2 resistor voltage. The breaker removed the fault
allowing the source current to go to zero. The voltage spike
across resistor can be used as an indication of fault which can
be useful when devising a control algorithm.

The results shown in Fig. 22 are as predicted by the ratio of
components selected. Plugging in the values of R2 and R1 in
(11) for a load of 50 Ω shows that any resistance greater than
19.8 Ω will not be considered as fault. Also the surge in source
current reads as 1.75 times steady-state current from Fig. 13
and this is approximately what can be seen in Fig. 23. From the
same figure, the SCR voltage can be seen to stay positive for
approximately 50 μs which was one of the design goals.

The second design shown in Fig. 24 was tested at the same
voltage as design 1. The results from the step change in load
are shown in Fig. 25. The step change in load was successful
in allowing the load to remain ON after the load resistance was

Fig. 23. Simulation of fault for design 1.

Fig. 24. Design 2 Z-source breaker.

Fig. 25. Simulation of step change in load for design 2.
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Fig. 26. Simulation of fault for design 2.

decreased. The fault test results are shown in Fig. 26. The breaker
was able to remove the fault.

V. CONCLUSION

The Z-source breaker has emerged in recent years as a
solid-state breaker that is capable of automatically and rapidly
switching OFF in response to a fault. Researchers have made
modifications to the design to allow for a common ground and
improve the voltage transfer function. This paper introduces a
variation on the designs that also allows for step changes in
load without output capacitor. That is, the proposed breaker de-
signs will not mistake a step change in load for a fault. Two
new designs are introduced. The voltage transfer functions are
analyzed. A method has been outlined for designing the compo-
nents to achieve certain goals. Simulation and laboratory mea-
surements demonstrate the proper operation of the new designs.

APPENDIX

DETAILED DERIVATION FOR MINIMUM FAULT RESISTANCE

A shunt fault occurs at t = 0 introducing a small shunt resis-
tance of Rf . Capacitor CZ is initially charged to source voltage
VS . Assuming Rf to be significantly smaller than Rload , ex-
pression for vout is approximated as

vout(t) = VS e−At (39)

where A is inverse time constant for load capacitor discharge
through fault resistance

A =
1

Rf Cload
. (40)

Also with voltages as defined in Fig. 10

−C
dvZ

dt
=

vZ − vout

RZ
. (41)

The expression for vZ (t) is derived using Laplace transform
analysis of (12)

vZ (t) =
VS

B − A
(Be−At − Ae−Bt) (42)

where B is another inverse time constant based on RC network
of the Z-source breaker

B =
1

(R1 ||R2)(C||(C1 + C2))
. (43)

In response to a step change in load, the transient impedance
of C1 and C2 would be very small compared to the series re-
sistors R1 and R2 . So, only the resistors determine the total
impedance in each branch initially. The current expressions in
(44) and (45) are derived using this assumption, as well as the
earlier assumption of keeping C1 and C2 of similar values

iZ (t) =
vZ − vout

R1 ||R2
(44)

iC 2(t) =
vZ − vout

R2
. (45)

This expression for iC 2 is valid for a very small time only
whereas the impedance of capacitors is still small however it
helps to simplify the analysis. By taking the derivate of (45),
equating it to zero and solving it for time, the following expres-
sion for tmax is obtained:

tmax =
log

(
A
B

)
A − B

. (46)

After time t = tmax , iC 2(t) will start decreasing, so, if the
breaker is able to interrupt the fault it will always do so at or
before this time. One of the conditions to turn OFFthe SCR is
that the current through it must fall to zero. Looking at Fig. 3
and applying KCL at SCRs cathode shows

iSCR(t) = iC 2(t) − iL2 . (47)

For this transient analysis, iL2 is assumed to stay constant at
prefault value of load current. In this case

iL2 =
VS

RL
(48)

where RL is load resistance.
Substituting t in (45) with tmax from (46) gives the expression

for maximum current that flows out of capacitor C2 during the
transient

iC 2max =
VS

R2

(A

B

) B
B −A

. (49)

The current iC 2max must be greater than or equal to iL2 in
order to force the SCR current to zero as shown in (47). To
turn OFF the SCR, the following equality must hold true when
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comparing (48) with (49):
(A

B

) B
B −A

>
R2

RL
. (50)

Substituting A in (50) by formula for A in (40), the following
condition is obtained for the breaker to trip:

Rf <
ln

(
R2
RL

)

CLBW
(

R2
RL

ln
(

R2
RL

)) (51)

where W represents the product log or Lambert function.
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