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A Bidirectional Series Z-Source Circuit Breaker

Daniel Joseph Ryan

Abstract—A Z-source series circuit breaker topology, which
allows bidirectional power flow and has the ability to autonomously
disconnect dc faults, is introduced. This topology allows current
flow in the forward and reverse directions through the use of a
diode bridge. The diode bridge allows response to faults on either
the source or load side with only a single controlled switch. No ad-
ditional passive components are required when compared with the
unidirectional series Z-source circuit breaker topology. Analysis
is performed to find the fault conditions that cause the bidirec-
tional circuit breaker to trip when operating in a single-load power
system. Then, using the simulation platform MATLAB/Simulink,
operation of the bidirectional circuit breaker is evaluated for both
source- and load-side faults. To experimentally validate the find-
ings, an experimental prototype has been implemented. This pro-
totype is used to confirm the circuit breaker’s function in both
the forward and reverse directions in addition to its response to
source-side faults.

Index Terms—Bidirectional circuit breaker, dc systems, power
electronic circuit breaker (PECB), protection systems, Z-source
circuit breaker (ZCB).

I. INTRODUCTION

ECENTLY, there has been a trend toward using direct
R current (dc) in power systems. Applications being inves-
tigated are electric ships [1], high-voltage dc networks [2], mi-
crogrids [3], [4], data centers [5], battery energy storage [6],
and wind farms [7]. However, viability of applications that use
medium-voltage dc (MVDC) is limited by current dc circuit
breaker (CB) technology.

Protection of low-voltage dc systems is commonly achieved
using arc-based circuit breakers (ACBs). However, dc systems
lack a natural zero-current crossing, which increases the diffi-
culty of extinguishing the arc generated when the ACB opens
[8]. Thus, as voltage and fault current increase, the size and
cost of such ACBs become prohibitive. Thus, MVDC systems
require a novel solution.

Power electronic circuit breakers (PECBs) are an alternative
to ACBs, which use semiconductors rather than mechanical
switches. The series and parallel connection of semiconductor
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devices provides scalability. This allows PECBs to operate
in MVDC systems, which operate at higher voltage and fault
current levels than are feasible for ACBs [9]. Additionally,
PECBs can limit fault currents, due to their high operating
speed [10]-[12].

Although PECBs provide these advantages, they require ad-
ditional sensing and control circuitry, have power loss in the
semiconductor junctions, lack galvanic isolation, and have low
fault current capability. Thus, there has been significant research
effort to address these issues.

In order to increase the efficiency of PECBs, use of custom sil-
icon [13] or widebandgap semiconductors [14]—[17] has been in-
vestigated. However, currently, the availability of these semicon-
ductor devices is limited, particularly at high voltage and current
levels. Another alternative can be hybrid CBs, which combine
an ACB and PECB in parallel [18]-[23]. Hybrid CBs provide
efficiency similar to ACBs. However, they are costly and have
increased response time compared with PECBs. This makes
managing fault currents in the semiconductor switch difficult.

Additionally, the fault detection and control system required
for PECBs increases response time, increases cost, and adds
a point of failure. To address this, Z-source circuit breakers
(ZCBs), a type of PECB that autonomously respond to faults,
are proposed [24], [25]. Autonomous operation lowers response
time, reduces sensing and processing electronics, and limits
fault current. Additionally, passive components used in ZCBs
limit the peak current in the semiconductor switch, so that it
is not required to withstand high fault currents. Thus, ZCBs
address two of the four issues mentioned above. Furthermore,
in order to lower loss in a ZCB, it is possible to integrate modern
semiconductor devices into the ZCB [13]. Moreover, a simple
no-load switch can be used to provide galvanic isolation for
safety reasons, opening once the fault current is broken.

In order to improve upon the first proposed ZCBs, the se-
ries ZCB topology, shown in Fig. 1, is proposed in [26] and
[27]. When compared with other ZCBs, it maintains a common
neutral between the input and output. Additionally, its trans-
fer function is that of a second-order low-pass filter, which is
suitable for input filtering of power electronic converters. This
allows the CB to serve two purposes: 1) fault protection and 2)
filtering. Integrating the CB into the input filter of power elec-
tronic converters reduces the number of components and cost of
a dc power system. Furthermore, the peak source current dur-
ing fault interruption is reduced compared to some other ZCB
topologies.

In [28], a modified series ZCB is proposed for discrimina-
tion between load steps and faults. In [29], a series ZCB with
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Fig. 1. Fault current path of unidirectional series ZCB [27].

mutually coupled inductors is proposed for reduced volume
and weight. However, none of the proposed series ZCBs al-
low bidirectional power flow. The capability of operating with
bidirectional power flow is an increasingly common require-
ment for modern power systems. Driving this increase is the
expanding use of energy storage systems, redundant network
structures such as the ring bus, and grid-connected microgrids,
which may either absorb or supply power from their point of
common coupling. System protection must take this require-
ment into account.

This paper introduces a bidirectional series ZCB, which is
scalable for MVDC systems. The proposed ZCB retains the ad-
vantages of the series ZCB including common neutral, reduced
peak source current, and a low-pass filter frequency response
characteristic. In this paper, the performance of the proposed
ZCB in a simple power system is theoretically analyzed, and
several expressions for various operating scenarios of the ZCB
are developed. The expressions derived are validated with sim-
ulated results. Additionally, experimental results of the bidirec-
tional series ZCB are presented, which validate its operation
in both the forward and reverse directions and its response to
source side faults.

This paper is structured as follows. Section II describes the
introduced bidirectional series ZCB topology and its operational
principles and provides an analysis of various fault conditions.
Section III provides a comparison of the proposed bidirectional
series ZCB topology with competing bidirectional Z-source
topologies. In Section IV, the performance of the proposed
ZCB is validated through simulation and experimental results.
Section V concludes this paper.

II. BIDIRECTIONAL SERIES ZCB TOPOLOGY

The proposed bidirectional series ZCB is shown in Fig. 2.
The full-bridge arrangement of diodes allows load current to
flow in either direction, while retaining the same conduction
path through the Z-source inductors and thyristor. Thus, the CB
limits and interrupts fault current regardless of the direction of
power flow. Additionally, the CB responds to faults on either set
terminals.

A description of the CB’s on-state operation is given in
Section II-A. Section II-B gives a description of the CB’s re-
sponse to output faults. This is followed by a derivation of
the CB’s minimum output fault conductance in Section II-C and
minimum detectable output fault ramp-rate (Frr) in Section II-D.
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Fig. 2. Steady-state current flow of the proposed topology.

Section II-E gives a description of the CB’s response to input
faults. This is followed by a derivation of the CB’s minimum
input fault conductance in Section II-F and minimum detectable
input Frr in Section II-G. Finally, in Section II-H, the maximum
voltage and current stresses for the components of the CB are
tabulated.

The minimum detectable Frr and fault conductance are re-
quired in selection of the CB’s passive components to find the
fringe cases for fault detection. They also define the maximum
allowable load current slew rate and load step change. In the
analysis performed, it is assumed that C; = C, = Czcp and
L; =L, = L. The investigation is undertaken with a bidirec-
tional series ZCB in a simple power system, which is shown in
Fig. 2. In this system, the ZCB is protecting an RC load, which
is being supplied by an ideal dc voltage source and a line with
inductance Ly . The load capacitance Cy. represents the typically
large input capacitance of a voltage-fed power electronic con-
verter. In order for the CB to switch from the OFF state to the ON
state, T is gated ON. The gating signal can be released once the
CB reaches a steady state.

A. On-State Operation

In the ON state (see Fig. 2), the line inductances L, L, and
L, pass the steady-state load current Iy, and the voltage drop
across the inductances is zero. D and D, are conducting, while
D, and Dj are in the reverse-blocking state. Assuming ideal
components, the load voltage is Vs, C; is charged to Vs, and C;
is discharged. If the source and load connections are swapped,
the CB behaves in the same manner. However, D, and D5 are
in the forward-conducting state, while D; and D4 are in the
reverse-blocking state.

In an application such as protection of energy storage, where
the power flow may gradually change from one direction to
another, T; may switch OFF when the current flow direction
reverses. This is because as the power flow direction reverses,
the load current must drop momentarily to zero. The thyristor
has a specified turn-off time 7, and holding current iy. If the
thyristors current is allowed to fall below iy for a period longer
than 7., it switches to the blocking state. To avoid this, the CB’s
control system must provide a gating signal to T; when the
power flow direction changes.
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B. Response to Output Faults

When a faultis applied to the CB’s output, while it is operating
in the ON state, the fault current flows through the red path shown
in Fig. 3(a). The fault current is divided into it zcp and it c; i zcB
flows through the Z-source capacitors, and if ¢ flows through
the load capacitance. When the fault first occurs, the Z-source
inductors resist a change in current; thus, their currents remain at
their prefault level /. Inspecting the node (a) current, as shown
in Fig. 3(a), when i; zcp rises to I, it is zero causing T, to
commutate OFF. Once T turns OFF, two series LC circuits are
formed: 1) through L;, C;, and the fault, and 2) through L,, C,
and the fault. With typical component values, both circuits have
underdamped resonant responses, which are decoupled when
the fault impedance is zero. The initial conditions for resonance
are determined by the steady-state operating point of the circuit.

When these circuits begin to resonate, vc, falls, and vc, rises.
When v¢, rises above Vs, the inductor voltages fall below zero
and are clamped by diodes D5 and Dg. This restricts the thyristor
voltage from rising above the source voltage, which lowers the
forward-blocking voltage requirement of T to V5. The inductor
current is clamped at the current peak of the LC circuit; thus, the
stored energy of the circuits is dissipated in the clamping diodes
(Ds and Dg). In practice, a resistor could be added in series with
the clamping diode, as shown in Fig. 3(a), in order to dissipate
the stored energy more quickly. However, the resistor’s voltage
drop increases the blocking requirement of the thyristor.

During the resonance, the output diode (D, or D4) current
is the sum of the current in the two series LC circuits. The
input diode (D; or D3) current is only that of one series LC
circuit; thus, it is half of the output diode current. Note that the
reverse recovery time of the diodes does not affect the CB’s
operation; thus, low-loss standard recovery diodes are suitable.
Additionally, the forward voltage drop of a diode is generally
lower than that of an equivalently rated thyristor.

C. Minimum Detectable Fault Conductance—Qutput

The CB’s response to a fault depends on the characteristics
of the fault and the power system within which it is operating.
For the CB to operate autonomously, these characteristics must
be such that the current through T, falls to zero subsequent to
a fault. The requirements for autonomous operation, in the case

" fahé cornll u®
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Fault current flow of the proposed topology for (a) a fault on the input and (b) a fault on the output.

where a fault with conductance Gy is applied at + = 0 us at
the CB’s output, are investigated for the power system shown
in Fig. 3(a). Thus, the minimum fault conductance (Gt min,out)s
which causes the CB to trip, is derived. Assuming a fault at the
CB output, the fault current can be written as

i(t) = vi(1)Gs. ey

Through analysis of the fault node, where load current and
inductor current are assumed to be equal, it is found that

if(t) = igzc (1) + ir,c(1). )

Assuming C; = C; = Cycp and substituting for i from (1) in
(2) result in

Czcp dve(1) C dvg(t)
2 dt Yar

Assuming a lossless CB, Cp. is charged to Vg during steady-state
operation. Thus, the initial condition is

Grop(t) = — 3)

ve(0) = Vs. “

Through solving (3) with the initial condition (4), we have

2 Gy ;
ve(t) = Vse Czes +2CL 5)
Thus, using
. dvc(t)  Czcp dug(t)
t)y=C = 6
fc(®) dt 2 dt ©
it is found that
2 Gy ;
. Cze8Gr (¢
i H=Vs—=2—" o Cze +2CL 7
t.zcB(?) SCch +2CL @)

From (7), ir zc(t) is a decaying exponential. Thus, it is maxi-
mum for t = 0 pus. For it, to fall to zero, the ZCB fault current
must overcome the steady-state load current. Therefore, to trip,
i zcg must be larger than ;.. The steady-state load current (/)
is

Vs

I = —.
L RL

®)
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Thus, Gt minoue is found where i;(0) = /.. and is described as

follows:
2C 1
D &) o
Czcn Ry

G min,out decreases as Cyzcp increases relative to Cp. This is
because a larger portion of the initial fault current flows through
the Z-source capacitors. G¢ min,out als0 decreases as Ry, increases.
This is due to a decrease in steady-state load current, which
reduces the magnitude of if zcp required to commutate T| OFF.
When Cy, is zero, G min,out 15 €qual to the load conductance Gy..
Assuming that the load capacitance is known, which is likely
for power electronic loads, and taking the maximum steady-
state load (worst case), (9) allows the selection of C; and C; to
meet a required minimum G min,out-

Gf,min,out = <1 +

D. Minimum Detectable Frr — Output

In this section, the minimum detectable output Frr, K min out
is derived. The fault conductance Gy is dependent on time ¢ with
a linear gradient of K,,; thus

if(t) = Ge(t)ve(t) = Kyt - vp(2).

A linearly increasing conductance approximates the behavior of
an inductor as follows:

(10)

1 t
iL(t) = —/ Vidt + i (0). (11)
L Jo

With a constant applied voltage Vi and zero initial current iy, =
0 A, the inductor characteristic is reduced to

1
Ai (1) = Vi AL, (12)

Substituting for G¢ from (10) into (3) results in

dvf
— —CL—.
2 dt dt
Solving (13) for the initial conditions defined in (4) gives
Ky
ve(t) = Vse Czcs +2CL

Cyzcp dvg

Ky tvg(t) = — (13)

2

(14)
Substituting for v¢(¢) from (14) into (6) results in

Ky R

et
_Czes K TCip 1200
Czcp +2CL

Thus, the instant at which if zcp(7) has its maximum is found as

follows:
A 2CL + Cyzen
max — 2Kn~ .

The minimum Frr Ky pmin 1S, therefore, found, where
i zcB (%, .max) 18 equal to the steady-state load current I;,. Thus
Czc +2C
2 2
R{ Ccp

i zc(t) = Vs (15)

(16)

a7

K, min,out = 2e

In [27], an expression for the minimum detectable Frr of a uni-
directional series Z-source CB feeding an RC load is derived.
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This is equivalent to the expression (17) of the bidirectional se-
ries Z-source CB. Similarly to Gt min.out» Krr,min,out 1S dependent
on Ry. In both cases, the minimum value of Ry, represents the
worst-case scenario, where the CB is least likely to trip. Addi-
tionally, nuisance tripping may be caused by high slew rates of
load current. Thus, a restriction of

diload
dt

< VoulKrr,min,oul (18)
is placed on the current slew rate of the load. This stops unwanted
tripping of the CB. Equation (18) is equivalent to stating that
a change in load conductance must have a ramp rate less than

Krr,min,oul-

E. Response to Input Faults

The proposed CB is also able to operate autonomously for
faults on its input, regardless of initial current flow direction.
This allows rapid and autonomous isolation of faulted lines
from a dc power system. If the CB is in the ON state and a
fault is applied across its input, some of the initial fault current
is supplied by the Z-source capacitors. The response of other
components is dependent on the load capacitance as described
in the following.

1) RC Load: In the case where a short-circuit fault occurs
and there is a load capacitance, fault current flows, as shown
in Fig. 3(b). The initial fault current is the sum of if zcp, if.c,
and irs. In this case, the collapsing input voltage causes D,
and Dy to turn OFF and D3 and D, to turn ON. The initial fault
current supplied by the dc source (it g) is limited to ;. by the
line inductance. Similarly, the initial fault current (if ¢) supplied
by Cy is limited to I by the Z-source inductors. Additionally,
the Z-source capacitance supplies the fault current if zcg. In-
specting the cathode current of T}, when i, is equal to I (the
current through L), T current falls to zero commutating it OFF.
When T turns OFF, two series LC resonant circuits are formed:
1) through C,, L,, and the fault, and 2) through C,, Cr, L;, and
the fault. These circuits are decoupled when the fault impedance
is zero. The initial conditions for resonance are determined by
the steady-state operating point of the circuit, and the response
is similar to that of described in Section II-B for an output fault.
However, in this case, the response of one LC circuit is affected
by the load capacitance.

2) Resistive Load: In the case where a short-circuit fault
occurs and Cp, = 0 uF, the initial fault current is the sum of
irzce and ir g. In this case, the voltage at both the input and the
output collapses immediately. The initial fault current supplied
by the dc source (if,s) is limited to I;, by the line inductance L .
This means that the Z-source capacitance provides current to
both the fault and load, i.e., it sees the fault in parallel with the
load resistance. Thus, when the fault is a short circuit, the load
resistance could be neglected. The thyristor current is forced
to zero by if zcp turning it OFF. After T has turned OFF, L;
current is clamped by Ds, and a series LC resonant circuit is
formed through C,, L,, and the fault. The initial conditions for
resonance are determined by the steady-state operating point of
the circuit, and the response is similar to that of described in
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Section II-B for an output fault. However, in this case, there is
only one LC resonant circuit.

F. Minimum Detectable Fault Conductance—Input

In this section, the minimum detectable input fault conduc-
tance, G min.in, 1 derived for the cases both with and without
load capacitance.

1) RC Load: For the case where there is a load capacitance,
when the input fault with conductance Gt occurs, the CB re-
sponds as described in Section II-E. The Z-source capacitors
provide an initial fault voltage of Vs. Therefore, through analy-
sis of the input node, the initial fault current is found to be

it(0) = it zcB(0) + ir,c(0) + ir,5(0).

The initial fault current is defined in terms of the fault conduc-
tance and the fault voltage as

ir(0) = VsG.

19)

(20)

Because the initial current in inductors, Ly, L, and Lg, is equal
to the steady-state load current, it is known that
. . Vs
irc(0) =irs(0) =IL = —.
Ry
Thus, through substituting for i¢(0) from (20) and for if 5(0) and
ir,c(0) from (21) into (19), it is found that

2n

. V.
it zcg(0) = VsGy — 22,
Rp

(22)

The minimum current i¢ zcg(0) that the CB requires to switch
OFF is equal to the steady-state load current /. Therefore

3
Ry’

2) Resistive Load: For the case where there is no load ca-
pacitance, when an input fault of conductance Gy occurs, the
CB responds as described in Section II-E. However, in this case,
load resistance cannot be neglected, and the load is supplied
with current iy (0). The Z-source capacitors provide an initial
fault voltage of Vs. Therefore, through analysis of the input
node, we have

i1(0) = it zcB(0) + it 5(0) — i (0).

Because the initial voltages across capacitors C; and C, are
equal to their steady-state voltages, it is known that

ve, (0) +ve,(0) Vs
Ry Ry’
Thus, through substituting for i¢(0), if 5(0), and ir.(0) from (20),
(21), and, (25) respectively, into (24), we obtain
en(0) = Vs - Gp 4 25— V5
i =Vs-Gt+ — — —.
f,ZCB s - G R, R,

The minimum current if zcg(0) that the CB requires to switch
OFF is equal to the steady-state load current ;. Therefore
1

Gf min,in = F -
,min, R

Gf,min.in = (23)

(24)

iL(0) =

(25)

(26)

27)
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Fig. 4.  Circuit model used to analyze Ky min,in-

The minimum input fault conductance required to trip the CB
is larger for the case where there is load capacitance when
compared with the case where there is no load capacitance. In
the case where there is no load capacitance, Gt min,in = Gf,min,out-

G. Minimum Detectable Frr—Input

In this section, the minimum detectable input Frr, Ky min in, 1S
derived. In this case, the fault conductance Gt is dependent on
time ¢, as described in (10). To perform the numerical analysis,
the fault impedance is taken to be an inductance (L¢), where

1

Liin & (28)

1T, 1n

This approximation is described further in Section II-D. In a
given system, the ZCB only trips autonomously for values of L
lower than L min in. To find Ky min in, the current through thyris-
tor Ty during the fault is analyzed. The circuit configuration
used for analysis is the same as that shown in Fig. 3(b). In this
case, it is assumed that Cp is large enough so that the output
voltage is assumed to be constant during the turn-OFF period.
This represents the worst scenario for Ky min in. The analysis of
current through T, can be broken into two time periods after the
fault occurs at ¢+ = 0 us. The first period is between t = 0 us
and ¢ = ¢;. During this period, D, and D3 are switched ON, and
the fault voltage is maintained at Vg as the source and CB cur-
rent are commutated to the fault. Because the fault voltage is
constant, the fault current increases according to

Ve
if(t) = —St, forO <t < 1. (29)
Lt in
The thyristor current is maintained;, thus
\%
it(t) = —, for0 <t <t. (30)
Ry

It is assumed that the change of irs and if ¢ is small over the
time period 0 < ¢ < t;; thus

ig(t)) = 21I... (3D

Through equating (29) and (31), and substituting for 7} from
(21), it is found that
2L in
Hh = .
Ry
At t =1, D; and D4 are turned OFF. The second period is

defined as ; <t < t,. During this period, the circuit is modeled
as shown in Fig. 4, where

Lzecg =L =1L,

(32)

(33)
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Fig. 5. Finding L¢ max in numerically as the inductance for which It min,in =
0A.
11\
S (L —) (34)
‘ < )
b= () (35)
cat Liin Li+Lo
L (1 - +1>_1 (36)
2= T .
“ Liin  2Lzes  Lg
The differential equation
dzvf(t) 1 Vs
+ vi(t) = —————, forty <t <t 37
e LoaCs ¢(1) LGy 1 2 (37

describes the fault voltage during this period. Solving this with
initial conditions

d
() = Vs and =) = 0 (38)
results in
Leq,2 + (Leq,l - Leq,Z)COS(\/ﬁ)
Leq,l .

ve(1) = Vs (39)

Note that, to solve (37), t; = 0 is assumed to simplify analysis.
Once v¢(¢) is found, the thyristor current is derived to be

(Leg,1 — Leg,2)cos(———)
V. < < /Leq.2C
in(t) = R—S — Vs/Cz s

L Leg,14/Leq2

(Leq 1= Leq 2)( CZLeq ZSin( L ) - t)
) ) , TeoaC
Vs A/ Leg2Cz .
Leq,l(Ll + L2)

(40)
Then, tmin in at which it is minimum is found to be
Leg2
fminin = +/Leq 2Czcos ™! #) 41
min,in eq,2“-Z (Leq,l T (Ll +L2) ( )

Through substituting for Cz, Leg, 1, Leg,2, and fiyin in from (34),
(35), (36), and (41), respectively, in (40), iT min.in 1S found as a
function of L. Fig. 5 shows it min.in(L¢) for the parameters in
Table III. The value of L¢, where it minin = 0 A, i Lf max.in
for which the CB turns OFF. This is found numerically to be
Lf max.in = 3.05 mH. Thus, taking into account the initial as-
sumption of (28), Kyt min.in = 327.87 (2 - s)~ L.

The time taken for the thyristor current to fall to zero, (¢r,of),
is also plotted for various values of L; in Fig. 6. For values of
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Fig. 6. Time taken for the thyristor current to fall to zero, tr o, versus fault
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TABLE I
PEAK CURRENT AND VOLTAGE IN COMPONENTS

Component  Peak Current ~ Peak Voltage Comment

Ci and Cy ipeak Vs Z-source capacitors
L; and L, ipeak Vs Z-source inductors
T Iy Vs Thyristor

D and D3 ipeak Vs Input diodes

D, and Dy 2 ipeak Vs Output diodes

L¢ less than Lg nay in, the relationship between Ly and tr o is
approximately linear with a gradient of 106 ps-mH™".

H. Component Maximum Currents and Voltages

The peak current and voltage stress on components occurs
when the CB is operating at maximum load, and a short-circuit
fault occurs. The peak current and voltage stress are required
for selection of components.

The peak inductor, diode, and capacitor currents occur dur-
ing the postfault resonance. The peak inductor current for the
unidirectional series ZCB is derived in [27] as follows:

ipeak =1Ly 1+ 4Q2 (42)
where
o= /¢ 43)
T2V

These expression are used to find the peak currents in the pro-
posed topology. Table I shows the peak currents and voltages
across components during a short-circuit fault. This table as-
sumes R; = R, = 0 and ideal semiconductors.

III. EVALUATION OF COMPETING PROPOSALS

This section provides an evaluation of existing ZCB topolo-
gies and comparison with the proposed topology. In this section,
three existing bidirectional ZCBs, which are shown in Figs. 7-9,
are described.

A. Bidirectional Topologies

Several ZCBs that allow bidirectional power flow have been
proposed [30]-[32]. However, these have some disadvantages
when compared with the proposed ZCB.
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Fig. 9. Bidirectional ZCB topology presented in [30].

In [31], two bidirectional ZCBs are introduced. These are
shown in Figs. 7 and 8. Both of these topologies are modifi-
cations of the classical ZCB [25]. As such, they do not have a
common neutral or low-pass frequency response characteristic.
A third bidirectional ZCB is introduced in [30] and is shown in
Fig. 9. Its design has a combination of the characteristics of the
series [26] and the parallel [24] ZCB topologies.

B. Topology Comparison

The comparison of the proposed bidirectional series ZCB
with existing bidirectional ZCBs is given in Table II. It is seen
that the proposed ZCB has a low number of passive compo-
nents compared with other bidirectional ZCBs, which reduces
size. Additionally, it has the fewest controlled switches, reducing
unit cost, and complexity. The proposed ZCB is the only bidirec-
tional ZCB that has a low-pass filter voltage transfer function,
which allows it to be used for input filtering of power convert-
ers. Furthermore, the peak forward-blocking thyristor voltage
is clamped in the proposed topology, which reduces component
stress and cost compared with other topologies. Also, the pro-
posed ZCB has a common neutral, which is required for earthed
systems to limit current flowing through alternate return paths.
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Other topologies, without a common neutral, are unsuitable for
earthed systems.

In ZCBs, a current spike occurs in the thyristor when it com-
mutates OFF. This is due to its reverse recovery characteristic. If
the current spike is propagated to the input of the ZCB, it may
cause issues with CB coordination. The proposed ZCB does not
propagate this spike to its input, while the other bidirectional
topologies do.

The reverse voltage applied to the thyristor assists causes it to
commutate OFF. With low reverse voltages, the turn-off time of
the thyristor is increased [33]. The reverse voltage is not limited
in the proposed CB and is approximately equal to the source
voltage. However, for the topology in Fig. 9, antiparallel diodes
across each thyristor limit the reverse voltage of the thyristor
during commutation, which increases its turn-off time (7).

One disadvantage of the proposed topology is that it reflects a
portion of the fault current to the source when interrupting a fault
at its output. However, in [29], it is shown that the reflected fault
current can be reduced to zero by replacing the inductors with
mutually coupled ones, though this, in turn, requires a lower
thyristor turn-off time.

IV. PERFORMANCE EVALUATION

This section presents simulation and experimental results that
validate the aforementioned operation of the proposed ZCB
topology. Section IV-A presents detailed simulation results and
discussion of the proposed ZCB topology over a range of dif-
ferent fault conditions. Additionally, in Section IV-B, using an
experimental setup, the performance of the proposed ZCB is
experimentally validated.

A. Simulation Results

To evaluate the performance of the proposed CB, a test sys-
tem, as shown in Fig. 2, is simulated in the MATLAB/Simulink
environment. The parameters of the simulated system are set
according to Table III, except where explicitly stated otherwise.
The simulated system is used to evaluate the performance of
the proposed ZCB and to verify the expressions presented in
Section II. In all simulation tests, the CB is in the steady state
before the fault is applied.

1) Infinite Fault Conductance: First, a bolted fault is applied
to the CB’s output at t = 0 us, for the case where L, = 0 mH.
This provides a base case of the CB’s operation. The CB’s
response to the fault is shown in Fig. 10. This response is con-
sistent with the description given in Section II-B. After the fault
occurs, iT, as shown in Fig. 10(b), falls to zero immediately due
the fault current supplied by the Z-source capacitance, if zcg.
The LC resonant response of the inductors and capacitors occurs
between 0 < r < 260 us. Att = 260 us, the inductor currents
are clamped by D5 and Dg. Thus, the inductor currents, shown
in Fig. 10(a), decay rapidly through the clamping diodes and
resistors. When the inductors are clamped, the input and output
currents, shown in Fig. 10(c), rapidly fall to zero.

It is also observed that the peak output current is twice the
peak input current. Thus, the peak current in Dy is twice that of
D, . After the thyristor is disconnected, both LC resonant circuits
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TABLE II
BIDIRECTIONAL ZCB COMPARISON

Category Fig. 7[31] Fig.8[31] Fig.9[30] Proposed Fig. 2
1 Number of Passive Components 8 4 5 4
2 Number of Controlled Switches 2 4 2 1
3 Common Neutral No No Yes Yes
4 Suitable for Input Filtering of Power Converters No No No Yes
5 Peak Forward-Blocking Voltage of Thyristor Vs > Vg > Vg Vs
6 Input Current Spike due to Reverse Recovery of Thyristor Yes Yes Yes No
7 Limited Peak Thyristor Reverse Resonance Voltage No No Yes No
8 Magnitude of Reflected Fault Current Zero Zero High Moderate
TABLE III (a)
EXPERIMENTAL SETUP COMPONENT VALUES T T —rT
— i, G, = 1.05 ()
= 2 e iy, G, = 1.00 ()
Parameter Value Comment — | T e | |
C=C,=C 33 uF Z-source capacitors - 0 —].."
Li=L,=L 1 mH Z-source inductors
Ry 30 Load resistance L L L L L
Vs 300V Source voltage
Rc 1Q Clamping resistor (b)
L 5 mH Line inductance 50 T T T
Cp 480 uF Load capacitance L | [ANS Gf = 1.05 (2)*
= we g Go=1.00 () et
SR B sl S ) |
(a) B —M
_ ok | | |
= | | ‘ | I
. 3 0 100 200 300 400 500
Q; time [pus]
NG
Fig. 11. Simulation results for output faults Gy = 1.05 ()" and Gf =
1.00 ()™, where Cp. = 500 uF. (a) Thyristor currents and (b) input currents.
(b)
500 T T T T 15
= = the model, and the simulation is repeated with the fault induced
& 0 o &= onthe CB’s input terminals. In this case, f in sim = 159.3 us.
= —U
] The two measured values are close to the value calculated,
500l | , | ! 5 trrcale = 159.0 us, using the expression derived in [27] for the

0 100 200 300 400 500
time [

Fig. 10. Simulation results for a bolted fault on CB output. (a) Inductor
currents. (b) Thyristor voltage and current. (c) Input and output currents.

are connected in series with the output. Thus, the output current
is the summation of their individual currents. Conversely, only
the LC circuit containing L; and C; is connected in series with
the input.

The reverse resonance time (7)) is the time for which the
thyristor remains reverse biased during turn OFF. In this simu-
lation, it is measured as f; out,sim = 158.9 us. In order for the
thyristor to remain OFF, t; must be greater than the thyristor’s
turn-off time (#;). A line inductance Ly = 1 mH is added to

series ZCB.

2) Minimum Fault Conductance:

a) Output: This simulation test is performed to vali-
date the expression for minimum output fault conductance
as expressed in (9). The calculated minimum fault conduc-
tance for the component values in Table III is Gy i out =
1.043 (§2)~'. Therefore, simulation tests are carried out for
values slightly above and below the minimum fault conduc-
tance, Gy = 1.05 (Q)~! and Gy = 1.00 (Q)~!, respectively. The
thyristor and input currents are shown in Fig. 11.

As shown in Fig. 11(a), for Gy = 1.05 ()™, before the fault,
it is at a steady-state value of 10 A. When the fault occurs at
t =0 us, it is rapidly forced to zero. Thus, the CB switches
OFF. As shown in Fig. 11(b), iy is also at a steady-state value
of 10 A before the fault. When the fault occurs, ijy begins to
rise and reaches a peak value of 16.9 A. This peak input current
is lower than the case where there is no fault impedance, due
to damping of the resonant response of the series LC circuits.
Additional damping is created by the series fault resistance.

For the case where Gy = 1.00 (©2)~!, it is shown in Fig. 11(a).
Prior to the fault, it is at a steady-state value of 10 A. When the
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Fig. 12.  Simulation results for output faults Gy = 0.034 ()~ and Gf =

0.032 (2)~", where C = 0 uF. (a) Thyristor currents and (b) input currents.

fault occurs at t = 0 us, the fault current flowing through the
Z-source capacitors is not enough to overcome the steady-state
load current and to force it to zero. Thus, the CB does not trip,
and the fault current continues to increase through the thyristor.
As shown in Fig. 11(b), i1y is also at a steady-state value of 10 A
before the fault. When the fault occurs at ¢t = 0 us, because the
CB does not turn OFF, iy rises. This response is dominated by
the characteristics of the Z-source inductance.

The simulation test is then repeated with C;. = 0 uF. The
minimum fault conductance calculated using (9) in this case is
G¢ min,ont = 0.033 (Q)~'. Two simulation tests are carried out
for Gy = 0.034 (€)' and Gt = 0.032 (). The thyristor and
input currents are shown in Fig. 12.

For the case where Gy =0.034 (Q)~', ir is shown in
Fig. 12(a). Prior to the fault, it is at a steady-state value of
10 A. When the fault occurs at ¢ = 0 us, it falls rapidly to zero.
Thus, the CB switches OFF. As shown in Fig. 12(b), ijn is also
at a steady-state value of 10 A before the fault. When the fault
occurs, i1y begins to fall immediately. In this case, there is no
resonant response of ijy. The reason is that the large fault re-
sistance overdamps the series LC circuits created when the CB
opens.

For the case where Gy = 0.032 (Q)~', it is shown in
Fig. 12(a). Prior to the fault, it is at a steady-state value of
10 A. The fault occurs at + = 0 us; however, current flowing
through the Z-source capacitors is not enough to overcome the
steady-state load current. Thus, the CB does not trip. As shown
in Fig. 12(b), i1y is also at a steady-state value of 10 A before
the fault. When the fault occurs at t = 0 us, because the CB
does not turn OFF, iy rises. This response is dominated by the
characteristics of the Z-source inductance.

The case where there is no load capacitance defines a fun-
damental limit on minimum output fault conductance, which is
equal to the load conductance. The CB cannot be designed to
trip autonomously for the fault conductance less than the load
conductance.
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Fig. 13. Simulation results for input faults G¢ = 0.105 (€)7! and Gf =

0.095 (2)~!, where Cp. = 500 uF. (a) Thyristor currents and (b) input cur-
rents.
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Fig. 14. Simulation results for input faults G¢ = 0.034 ()~! and Gf =

0.032 (2)~!, where Cp. = 0 uF. (a) Thyristor currents and (b) input currents.

b) Input: A simulation test is carried out for faults on the
CB’s input. The minimum fault conductances for cases both
with and without a load capacitance are calculated accord-
ing to (23) and (27). With a load capacitance C. = 500 uF,
Gt min.in = 0.1 ()7, and with a load capacitance C;, = 0 uF,
G¢ min,in = 0.033 (2)~!. The simulation tests are carried out
for both Gy = 0.105 (2)~! and G; = 0.095 (R2)~! with C =
500 pF. The results are shown in Fig. 13. It is noted that when
Gy =0.105 (2 -s)~', the thyristor switches OFF. However, the
input current continues to rise. Although this is true for the time
period shown, the current decays after t = 500 us. For the case
where Gy = 0.095 (£2)~', the thyristor current does not drop
below zero; thus, the CB does not trip.

Additionally, simulation tests are carried out for Gy =
0.032 (2)~! and G¢ = 0.034 (), with C = 0 uF. The re-
sults are shown in Fig. 14. As expected, a fault conductance
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Fig. 15.  Simulation of thyristor current during output faults with inductances
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Fig. 16.  Simulation results for input fault, L =3 mH and L = 3.2 mH,

where Cp, = 500 uF, compared with analytically modeled equations (40) and
(41).

of G¢ = 0.034 (Q2)~! switches the thyristor OFF, while a fault
conductance of Gy = 0.032 (2)~! does not.
3) Minimum Frr:

a) Output: The minimum output Frr, which causes the
CB to switch OFF, is also investigated through simulation. To
do this, an inductance Ly is placed in series with the fault.
This approximates the characteristics of a conductance with
ramp K., as described in Section II-D. The minimum Frr
that trips the CB is calculated using (17) to be Ky minin =
5730 ($2-s)~!. In Fig. 15, the simulated thyristor current is
shown for the cases where faults with inductances of L; =
167.8 nuH and Ly = 181.8 uH are applied to the CB’s out-
put. These values correspond to fault conductance ramp rates
of K = 5500 (22 - )" and K,; = 5960 (2 - s)~!, respectively.
For the case where Ly = 167.8 uH, it falls gradually to zero,
and the thyristor switches OFF. However, for the case where
L¢ = 181.8 pH, the thyristor current does not fall to zero; thus,
the thyristor remains in the conducting state, and the CB does
not trip.

b) Input: A simulation is used to evaluate the analytical
modeling in Section II-G. In Section II-G, a method is presented
for finding L maxin- For the component values in Table III,
L¢ max.in = 3.05 mH. Therefore, the CB system is simulated to
find the thyristor current (it simulaea) With input faults of in-
ductances Ly = 3 mH and Ly = 3.2 mH. These correspond to
inductances below and above the maximum input fault induc-
tance. The analytical thyristor current (i Anatytical) 1S also found
using (40) for the two inductance values. This allows a com-
parison of the it Anatyticat With T simulated to be made in Fig. 16.
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The Experimental Prototype
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Fig. 17.  Experimental prototype.

In Fig. 16(a), it simulated a0d iT Analytical are shown for the case
where Ly = 3 mH. Itis seen that the simulated and analytical re-
sults match closely. Fig. 16(a) also shows that the CB trips (i.e.,
IT,Simulated ANd IT Anatyticat fall to/below 0 A), which is expected
for the fault inductance below Ly yay in- Itis noted that it analytical
rises again after falling to zero. This is because the nonlinear
switching of the thyristor is not part of the analytical model.
In Fig. 16(b), it simulated and IT, Analytical are shown for the case
where Ly = 3.2 mH; it is seen that the simulated and analytical
results match closely. Fig. 16(b) also shows that the CB does
not trip (i.e., i simulated a0d IT, Analytical 0 not fall to/below 0 A),
which is expected for the fault inductance above Ly jax in- These
results confirm the analytical model and the method for finding
L max.in presented in Section II-G.

B. Experimental Results

To experimentally validate the findings, an experimental pro-
totype is implemented with the selected component values
shown in Table III. A photo of the implemented ZCB is shown
in Fig. 17.

1) Output Fault: To demonstrate the prototype’s bidirec-
tional capability, it is tested in both the forward and reverse
directions. Initially, one pair of input terminals is connected to a
dc voltage source, and the other is connected to a resistive load.
In the first test, the initial steady-state operating current is 10 A.
At t = 50 us, a fault is applied across the load. The inductor
currents, thyristor voltage, thyristor current, input current, and
output current are shown in Fig. 18. In Fig. 18(a), it is seen that
both inductor currents increase gradually when the fault occurs
and then begin to decay as they are clamped by their reverse-
biased clamping diodes. The thyristor current and voltage in
Fig. 18(b) show that immediately after the fault, the thyristor
switches OFF and remains reverse biased for 7,,. However, a neg-
ative voltage spike is observed in the thyristor current that is not
observed in simulation. This is due to the thyristor reverse re-
covery characteristic. The peak of this spike is dependent on the
reverse recovery charge of the thyristor and rate of current fall
[33]. Although this spike is propagated through the CB capaci-
tors, the thyristor, and the output diode, it is not experienced on
the input. Thus, the reverse recovery current spike of the main
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Fig. 18.  Experimental results for a direct fault on the output with the ZCB in
the forward direction. (a) Inductor currents. (b) Thyristor voltage and current.
(c) Input and output current.

thyristor switch does not have any impact on coordination with
upstream CBs. In Fig. 18(c), the CB input and output currents
are shown. It is seen that the reverse recovery current spike is
propagated to the CBs output, though it is lower in magnitude
than the maximum output current.

The experiment described above is then repeated after switch-
ing the source and load terminals of the CB. The inductor cur-
rents are shown in Fig. 19(a), thyristor voltage and thyristor
current are shown in Fig. 19(b), and input current and output
current are shown in Fig. 19(c). It is observed that these results
closely match those with the CB the forward direction, confirm-
ing that the CB’s response is not dependent on its orientation.

The reverse resonance time ¢, for forward- and reverse-
oriented cases described above is measured to be 132.6 and
132.0 us, respectively, which is lower than the time expected
from simulation. This can be explained by the derating of induc-
tors L; and L, due to the large dc bias current. Therefore, the
inductance values are derated by 30%. The reverse resonance
time with this lower inductance is calculated to be 137.0 us
using the expression derived in [27], which is in agreement with
the experimental results. This effect is observed due to core non-
linearity, which causes inductance to decrease at high dc bias
currents. A dc bias derating is also observed in an experimental
prototype of the unidirectional series ZCB in [27].

2) Resistive Output Fault: To verify (9), a 480—-uF capaci-
tance is added in parallel with the resistive load. Thus, according
t0 (9), Gt min.our = 1.003 (). Therefore, faults with conduc-
tances of 1.136 (£2)~! and 0.833 (22)~!, respectively, are applied
to the CBs output. Initially, the steady-state operating current
is 10 A. At r = 50 s, the fault is applied across the load. The
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Fig. 19.  Experimental results for a direct fault on the output with the ZCB in

the reverse direction. (a) Inductor currents. (b) Thyristor voltage and current.
(c) Input and output current.
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Fig. 20.  Experimental results for a resistive fault on the output of the ZCB.

(a) Thyristor voltage and current, where G¢ oyt = 1.136 ()7L (b Thyristor
voltage and current, where Gy oy = 0.833 )~

thyristor current and voltage during these tests are shown in
Fig. 20.

These results verify expression (9). It is seen that for Gy >
G¢ min.out> the thyristor current falls to zero, and its forward
voltage increases (forward blocking). Thus, the CB is tripped.
For Gf < Gy min,out> the thyristor current continues to rise, and
its forward voltage stays low (forward conducting). Thus, the
CB is not tripped.

One discrepancy between the experimental results in Fig. 20
and simulation results shown in Fig. 11 is noted. For the case
where Gy < G min,out, the thyristor current did fall briefly to
zero. Additionally, there is significant ringing in the thyristor
current. This occurs due to parasitic inductance between the CB
and the load capacitor. As the parasitic inductance decreases
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Fig. 21. Experimental results for a direct fault on the input of the ZCB.

(a) Inductor currents. (b) Thyristor voltage and current. (¢) Input and output
current.

the minimum fault conductance, (9) is conservative when the
parasitic inductance is taken into account.

3) Input Fault: For this test, the system is reconfigured
through adding an additional 5-mH inductance between the volt-
age source and CB. The initial operating voltage is 300 V. At
t = 50 us, a fault is applied across the input of the CB. The
inductor currents are shown in Fig. 21(a). The thyristor voltage
and current are shown in Fig. 21(b), and the input and output
currents are shown in Fig. 21(c). It is observed that when the
fault occurs, the thyristor current undergoes a reverse recovery
transient and then falls to zero. Thus, the CB turns OFE. However,
the reverse resonance time of the thyristor voltage is increased
when compared with the case of an output fault described in
Section IV-B1. This is due to the circuit configuration immedi-
ately after the thyristor switches OFF. It is observed the current
in inductor L; begins to decay immediately after the fault. This
is because it is clamped by its freewheeling diode as the input
voltage collapses. This clamps the thyristors anode to 0 V. Thus,
the response of vy is only due to the resonant response of L, and
C,. The output current of the CB falls immediately to zero when
the fault occurs, and the input current waveform looks similar to
that for an output fault. However, in this case, the current has an
opposite sign. This is because current flows from energy stored
in the CB to the fault.

V. CONCLUSION

In this paper, a bidirectional series ZCB is presented. It main-
tains the advantages of the unidirectional series ZCB over other
ZCB topologies, yet it allows bidirectional current flow. It is first
introduced. Then, the CB’s response to faults is analyzed for a
simple power system. This allows development of useful ex-
pressions for the minimum fault conductances and Frrs that trip
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the CB. These expressions are verified through computer simu-
lation. Additionally, an experimental prototype is implemented
and tested for several fault cases, which demonstrate the CB’s
bidirectional power flow capability and ability to break fault
currents for faults on either the load or source side.
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