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Bidirectional Q-Z-Source DC Circuit Breaker

Lifang Yi

Abstract—In this article, a novel Z-source dc circuit breaker
topology with a Q-shaped impedance network (Q-Z-source
circuit breaker) is presented. The new topology has a better per-
formance and is more resilient properties than those of the recently
published O-Z-source circuit breaker. The new Q-Z topology pro-
vides bidirectional protection but only requires one semiconductor
switch in its current path during normal operation, leading to a
simpler and smaller physical structure and a lower conduction
penalty. It also drastically improves the sensitivity issue on the
magnetic coupling coefficient that manifests in the existing O-Z-
source circuit breaker. In a realistic, practical application with a
nonideal magnetic coupling coefficient, the new topology requires a
smaller capacitance that can be translated into lower weight and/or
lower cost. Detailed mathematical models are built to analyze and
compare the short-circuit fault responses of a variable coupling
coefficient. The bidirectional snubber circuit and its connection to
the Q-Z topology are discussed for achieving faster fault clearing.
Finally, a prototype is built in the laboratory to verify the theoretical
analysis and improved performance of the proposed bidirectional
Q-Z-source dc circuit breaker.

Index Terms—Bidirectional, breaker, circuit, coefficient,
coupling, dc, fault, isolation, microgrid, silicon-controlled rectifier
(SCR), thyristor, Z-source.

I. INTRODUCTION

NVIRONMENTAL issues, such as air pollution and car-

bon emission, have promoted the rapid development of
renewable energy [1], [2]. Most renewable energy sources are in
the form of direct current (dc), such as solar photovoltaics. The
application of a dc microgrid can effectively reduce the number
of power converters, improving the reliability and efficiency
of energy transmission. In addition, the dc microgrid can get
rid of the issues of harmonic components, synchronization,
and reactive power compensation [3], [4]. Thus, dc microgrids
have attracted increasing attention in renewable energy systems.
However, there are still challenges in the implementation of the
dc microgrid, including short-circuit fault protection [5]. When
a short-circuit fault occurs on the load side, a huge current surge
will follow on the grid side, causing serious damage to the
involved systems. The faulty load must be cutoff immediately
to protect the systems. However, it is more difficult to isolate
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a short-circuit fault in the dc grid, compared to the ac grid,
due to the absence of a natural zero-crossing point. Traditional
electromechanical circuit breakers have a long turn-OFF time and
a high probability of an arc occurrence, which is not suitable
for the dc microgrid. Therefore, a dc circuit breaker (DCCB)
with a fast response time and a reliable isolation capability
must be installed between the source and the load to isolate
a fault in the dc microgrid and protect the grid participants and
subsystems involved.

Semiconductor devices have been adopted in DCCBs for
their fast-switching and to achieve arc-free characteristics. Fully
controllable semiconductor switches, such as IGBT and IGCT,
are used in conventional DCCBs [6], [7]. However, an auxiliary
fault-detection circuit with an unavoidable response (delay) time
is required to trip a DCCB, resulting in a rather large fault cur-
rent. The complicated structure and slow response time hinder
the wide deployment of conventional DCCBs. In recent years,
anovel type of DCCB, called Z-source circuit breaker (ZSCB),
is first introduced in [8] to tackle these problems. The ZSCB
consists of silicon-controlled rectifiers (SCRs) and LC resonance
circuits. The Z-source LC connection, initially implemented in
an impedance-fed inverter, is utilized to handle a fault current
interruption in the dc microgrid. When a short-circuit fault
occurs, the LC network will automatically force the SCR current
to cross zero. It automatically cuts off the current path to the
faulty load, owing to the automatic shut-off feature of an SCR
under zero current without any additional detection circuit.

The ZSCB can be categorized into unidirectional ZSCB (Uni-
ZSCB) and bidirectional ZSCB (Bi-ZSCB). Depending on the
structure of an LC network, Uni-ZSCB can be further divided
into three types: cross, parallel, and series structures. They all
comprise of one SCR and two sets of LC connections and share
similar operational principles. In the cross structure, an inductor
is inserted between the source ground and the load ground,
preventing them from sharing the ground [8], [9]. The parallel
structure arranges all components on the same dc bus, realizing
the common ground of the load and source [10]. However, a
large fault current will directly go through the source. The series
structure is proposed to reduce the reflected fault current on the
source side by grounding one end of a capacitor [11]. To further
reduce the volume and cost, separate inductors can be coupled to
form “coupled inductors” [12], [13]. Uni-ZSCB, however, is not
always applicable to many dc microgrids if energy transmission
is intended for both directions.

Bi-ZSCB is developed to provide bidirectional fault protec-
tion. Two SCRs in antiparallel are used to realize bidirectional
protection. Two additional diodes or SCRs are conventionally
required in the power loop to ensure the correct fault protection,
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increasing the power loss during the normal operation [14],
[15]. The structure of the Bi-ZSCB discussed in [16] is more
complicated, consisting of four separated inductors and three
capacitors. A simplified structure is built with a single SCR
in [17]. However, a full-bridge rectifier is necessary and brings
additional power loss. In recent years, Bi-ZSCB is continuously
optimized to simplify the structure and improve efficiency. Cou-
pled inductors are also adopted to reduce the volume and weight
of Bi-ZSCB and further minimize the required capacitance [18].
In [20], one coupled inductor with a center tap structure is used to
replace a three-coil transformer in [19]. The conduction loss of
the Bi-ZSCB is still high, owing to the current flowing through
at least two semiconductor devices. In [21], the efficiency of
the Bi-ZSCB is shown to improve by having only one SCR ON
during normal operation. However, four required SCRs in total
increase the cost and size, as well as the difficulty in designing
driver circuits.

Coupled inductors are also utilized to aid commutation in
hybrid dc breakers [22], [23]. One joint terminal of two cou-
pled inductors is connected at one end of the breaker and the
remaining two terminals are connected to the semiconductor
device and mechanical switch, respectively. When a short-circuit
fault occurs, the current through the mechanical switch will be
reversed and cross zero due to the coupled inductors. In [24],
these coupled inductors are applied to build a Uni-ZSCB with a
simple structure. Only two coupled inductors, one SCR, and one
capacitor are required. By replacing the single SCR with two
SCRs connected in antiparallel, a Bi-ZSCB with an O-shape
impedance network (OZSCB) is introduced in [25] recently.
Compared with other existing topologies, the OZSCB has fewer
components and high efficiency with only one thyristor conduct-
ing in the power loop. However, the fault-protection performance
of the OZSCB is sensitive to the coupling coefficient of the
coupled inductors, which will be discussed in this article. To
overcome this issue, a Bi-ZSCB with a Q-shaped impedance
network (QZSCB) is proposed in this article. With this modified
impedance network, the number of required components still
remain the same as the OZSCB, while the required inductance
of the QZSCB can be significantly reduced, due to the different
internal connections of the coupled inductors. The QZSCB has
an advantage in weight and cost. In addition, the QZSCB greatly
reduces the sensitivity of the fault-protection performance to the
coupling coefficient. When the coupling coefficient is at a prac-
tical level (i.e., nonunity) in reality, the capacitance required by
the QZSCB is much smaller compared with that of the OZSCB,
further reducing the weight and cost. The rest of this article is
organized as follows. In Section II, the operational principle of
the QZSCB is analyzed. In Section III, the proposed QZSCB is
designed and compared with the OZSCB under ideal conditions.
The ideal comparison is verified through simulation. Then, the
QZSCB and OZSCB are compared with variable coupling coef-
ficients in Section I'V. The dynamic response of the fault current
is derived with mathematical models. The required capacitances
for the QZSCB and OZSCB are obtained and compared when
the coupling coefficient is nonunity. The snubber circuit for a
faster fault clearing is also covered. A prototype is demonstrated
in the laboratory to validate the performance of the QZSCB in
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Fig. 1. Circuit diagram of the O-Z-source circuit breaker.
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Fig. 2. Circuit diagram of the proposed Q-Z-source circuit breaker.

Section V. The comparison between the QZSCB and OZSCB
is also conducted to verify the correctness of the theoretical
analysis. Finally, Section VI concludes this article.

II. TOPOLOGY AND QUALITATIVE OPERATING PRINCIPLE

The topologies of the recently published OZSCB [25] and the
proposed QZSCB are shown in Figs. 1 and 2, respectively. They
both consist of one capacitor C, two coupled inductors L; and
Lo, and two SCRs SCR; and SCR5. N7 and V5 are the winding
turns of L, and Lo, respectively. Compared with the OZSCB,
the connection of the dotted terminals of L.; and L is different
in the QZSCB. In addition, unlike the OZSCB, L1 of the QZSCB
is placed in the main power loop instead of being in series with
C. Their circuit structures are functionally symmetrical from
the source end to the load end, naturally ensuring bidirectional
protection. In this article, the analysis will be demonstrated on
a case where the current flows from left to right. Note that the
operational principle in a reverse direction case is the same. The
operational principle of the OZSCB is discussed in detail in [25]
and summarized here in Fig. 3. The operational principle of the
QZSCB, shown in Fig. 4, is discussed in the following.

When the system is in its normal operation, the dc current
flows through L1, Lo, and SCRy, as shown in Fig. 4(a). The
current path is marked red with arrows. Ignoring the voltage drop
across Lo and SCRy, the capacitor C' is completely discharged.
The load current is equal to the current through SCR; as

Vi
I, = Iscr, = R;‘C

ey

where I,, Iscr,, Vac, and R, denote the load current, current
through SCR, source voltage of the dc microgrid, and the load
resistance, respectively. When a short-circuit fault occurs on the
load side, the current path is shown in Fig. 4(b). The load voltage
V, drops from Vg to approximately zero. The capacitor C' is
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Fig. 3. Operating principle of the OZSCB. (a) Normal operation. (b) Short-
circuit fault before SCR is OFF. (c) Short-circuit fault after SCR is OFF. (d) Fault
isolation.
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Fig. 4. Operating principle of the QZSCB. (a) Normal operation. (b) Short-
circuit fault before SCR is OFF. (¢) Short-circuit fault after SCR is OFF. (d) Fault
isolation.

charged by the fault current. Due to the rapid rise of the current
through L, the voltage induced on L, generates a transient
reverse current, which reduces the initial forward current Igcr,
and makes it cross zero, creating an opportunity to turn itself
OFF automatically. SCR; will be turned OFF after a short reverse
recovery during this time.

After SCR; is OFF, L1 and C continue to resonate, as shown
in Fig. 4(c). The fault current decays to zero, in the form of a
decaying ac oscillation, due to the loop resistance. A snubber
circuit can be used to accelerate the attenuation of the fault
current, which will be discussed in the following sections. When
the fault current is completely cleared, the short-circuit fault
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SCR,

Fig. 5. Equivalent circuit of the QZSCB before SCR is OFF.

is isolated, as illustrated in Fig. 4(d), with no current path
remaining. C' is charged to the source voltage V.

III. IDEAL COMPARISON AND PARAMETER DESIGN

In this section, the fault protection performance of the QZSCB
is compared with that of the OZSCB based on the ideal assump-
tions that

1) The SCR turns OFF as soon as the current crosses zero and

it does not suffer from a reverse recovery.

2) The coupling coefficient of L and Ly is 1.

This is to understand the fundamental differences between
the two topologies. Expanding on this knowledge, nonideal
effects will be factored in subsequent sections. The turns ratio
of the coupled inductor, capacitance, and inductances of the
QZSCB and OZSCB are analytically calculated in this section
for the same fault-protection performance. The analysis and
comparison are verified through simulation.

A. Ideal Parameter Design

1) Turns Ratio Na.

~~- The equivalent load resistances corre-
sponding to the normal operation, short-circuit fault, and max-
imum allowable load step are defined as R,, Ry, and Ryep,
respectively. A short-circuit fault can be modeled with a step
in load resistance, R, to ;. Here, the assumption is that the
load voltage is kept constant before the SCR turns OFF. For the
QZSCB, the equivalent circuit is shown in Fig. 5. The current
through Ly, I, is increased by Alr;. Since the coupling
coefficient is 1, the voltage induced on L» reduces the current
through Lo, I, by Alpo, where

= Yoo o Voo _ Ve (Bo _
AILl_Rf RD_RD(Rf 1)

Alrs = %AIM.

)

To make sure that SCR; can be turned OFF—crossing zero
current—A > should be larger than the initial current as
Nl Vdc Ro V:ic
Alpp=—— | ——-1) > —.
27N, R, R,
3)

A similar inequality can be defined for the maximum load
step Rgep for normal operation—without triggering protection
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Fig. 6. Equivalent circuit of the OZSCB before SCR is OFF.

as

Nl V;ic Ro ‘/dc
Al = —— -1 <=
L2 N2 Ro (Rstep ) Ro

“)

Combining (3) and (4), the constraint on the turns ratio can
be obtained as
1 Ny 1

-1l<—=<—-1
Mestep Ny my

(&)

where mgep = Ryiep/Ro, My = Ry /R,.
For the OZSCB, the equivalent circuit is shown in Fig. 6.
Alry and Al during a fault can be written as

{ AILl_AIL2: Vae _ Vao

Ry R,

N (©)
Al = NALL.

Combining (6) with an inequality for normal operation, the
turns ratio of the OZSCB should satisfy
1 - No - 1
Ny

Mistep my

)

Comparing (5) and (7), the turns ratio of the QZSCB is 1 less
than that of the OZSCB to achieve the same fault protection
range. Defining the winding turns of L; and L, in the QZSCB
as N, and IV, respectively, for a given myp, the turns ratios of
the QZSCB and OZSCB are

Ny I T )
Nilqzscp  Mse Na ®
Ny — 1 _ Np+Ng
{Nl]ozscs o oMaep  Nao T

Thus, the maximum allowable load step current /g, can be

expressed as
Ny
—+1].
( N, + > 9

The winding turns of the coupled inductors can be adjusted
to meet the requirement of a fault protection range, as shown
in Fig. 7. Only when the load current is larger than Igep, it
is possible to trigger the circuit breaker; otherwise, the circuit
breaker will never be falsely triggered regardless of the levels of
the capacitance and current ramp rate.

I,
SR

Istep = e
step
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Fig. 7. Maximum allowable load step current with different Ny, /Ng,.

2) Capacitance C: Capacitor C' is charged during the fault
protection. The value of capacitance determines whether the
current through the SCR can cross zero. For the QZSCB, the
charge current of C, A, can be expressed as

dVe
AIC = CTtC
(10)
Al = Al + Al = (14 52 ) Al

where Vi denotes the voltage across the capacitor C'. Since
Al should be larger than Vy./R,, the capacitance should

satisfy
Ny \ Ve ,dVe
14+ 22) 2/ 22¢
¢> ( +N1> R, dt
(1)

If the load voltage collapses at a rate of .S, during a short-
circuit fault, the QZSCB’s capacitor voltage must increase at a
proportional rate based on its KVL.

dVe No
— = —5,.
dt Ny + N,
(12)

Combining (8), (11), and (12), the minimum required capac-
itance for the QZSCB is

(L+ Ny/Na) (Na + Ny) Ve
N, S, R,

[C]QZSCB = (13)

For the OZSCB, Al is equal to Alp; as L; and C are in
series

Al =(C%c
c dt (14)
Al = Al = %AILQ.
Thus
No Vge ,dVe
C> ——/—-.
N R, dt
(15)
Based on KVL
dVe  Na — NlS
dt N, o (16)
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Simplified equivalent circuit of the QZSCB/OZSCB after SCR;

Combining (8), (15), and (16) and using the turns ratio from
the previous section for the same protection range, the minimum
required capacitance for the OZSCB is

(1 +Nb/Na) (Na +Nb)&
Ny S, R,

[Clozscp = (17)

Comparing (13) and (17), it can be concluded that the QZSCB
can provide the same protection level as the OZSCB with the
same capacitance at a lower turns ratio—smaller magnetics.

3) Inductances: L; and C start resonance after SCR is OFF,
subject to damping via the fault resistance and equivalent series
resistance (ESR) of the components and wiring. The simplified,
ideal equivalent circuits of the QZSCB and OZSCB in this phase
are the same, as illustrated in Fig. 8. In normal operation before
the fault, the current through L is I, in the QZSCB and zero in
the OZSCB. After SCR; is OFF, the current through Ls is cleared
in both circuits (i.e., reduced by I,,). Accounting for the direction
of the coupling dots and turns’ ratios for both topologies in (8),
the initial currents through L; of the QZSCB and OZSCB at the
start of the resonance can be shown to be identical as

I1:1(0) = (1+j§b> I,.

a

(18)

With the zero initial energy in C' at the start of this phase (i.e.,
Ve (0) =0)

2
I1(t) = /% + 13, (0)sin (7 + 611 )

Ve(t) = Vie+\/ V@ + I%I(g)Ll sin (\/Ltl zt ¢C)
(19)

where ¢11 and ¢ denote the initial phase angles of I, and
Ve, respectively. Thus, the peak fault current 17,1 max is

Vi ©
Ly

ILl,max = +I%1(0)

(20)

The peak fault current for both the QZSCB and OZSCB can
be, therefore, equally suppressed by the increasing L. As this is
the likely performance indicator for a circuit breaker, the same
L, would be used in either method for the same capacitance.
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TABLE I
MAIN DESIGN PARAMETERS FOR IDEAL COMPARISON

VDC (V) Ro (Q) Mstep ILl,max (A) So (V/,Jh) AL (HH/TQ)

28 10 0.5 11.5 0.28 0.4

TABLE 1T
PARAMETERS DESIGN FOR IDEAL COMPARISON
Ny/Ny C (WF) Ly WH) N, N, Ly (uH)

QZSCB  28/28 40 313.6 28 28 313.6

OZSCB  56/28 40 313.6 28 28 1254.4
Rearranging (20) yields

. CVg
) 2 :
ILLmax - ILl(O)
(21)

Lo is then determined based on the turns ratio and L4 as

2
[L2]QZSCB - <JJ\%) Ly

2
[L2]ozscs = (%) L.

If the winding turns of L; and L, of the QZSCB are N,
and N, respectively, as defined previously, then those of the
OZSCB should be N, and (N, + N,), respectively, with the
same magnetic core.

In summary, for the same protection requirements, the re-
quired component values for C' and L, of the QZSCB and
OZSCB are identical. The Ly required for the OZSCB is larger
than that for the QZSCB (i.e., (N, + N,) versus V). The in-
ductors contained in the normal conduction loop of the QZSCB
and OZSCB are different (i.e., L.y and Lo for the QZSCB versus
Lo for the OZSCB). However, the number of winding turns in
the conduction loop are both (N, + Ny), leading to the same
conduction loss. Based on ideal conditions, the QZSCB and
OZSCB are similar in procedures for a parameters design. For
the same protection performance, the QZSCB needs a lower
inductance, resulting in lower volume, weight, and cost. In the
subsequent sections, nonidealities will be factored in to highlight
additional advantages in the QZSCB topology.

(22)

B. Design Example and Simulation Verification

The QZSCB and OZSCB circuits are built in a circuit simula-
tor with the parameters determined by the procedures outlined
above. Circuit parameters are given in Tables I and II. Here,
AL represents the inductance factor of the magnetic core, and
ideal SCRs are used for SCR; and SCRy. As discussed, for the
same protection requirements, the number of turns for N, of the
QZSCB is lower than the OZSCB (i.e., 28 versus 56), resulting
in a much lower Ly (i.e., 313.6 uH versus 1254.4 4H), while
both topologies have the same values of C' and L;.

For the short-circuit fault, the load resistance is changed from
102 to 1 m 2. The resulting waveforms of the input current /1,
current through the SCR Iscg, and voltage across the capacitor
Ve of the QZSCB and OZSCB are illustrated in Fig. 9. Note
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Fig. 9. Simulation of the short-circuit fault for ideal comparison.
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Fig. 10.  Simulation of a large load step (m = 0.33) for ideal comparison.
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Fig. 11.  Simulation of a small load step (m = 0.66) for ideal comparison.

that while the SCRs are correctly disengaged after their currents
cross zero, this ideal case has negligible damping due to a very
minimal loop resistance (1 m §2), showing the need for a snubber
in such a case. The load step response is also simulated. The
fault protection is correctly triggered for a large load step (m =
0.33) and correctly remains untriggered for a normal, small load
step (m = 0.66), as illustrated in Figs. 10 and 11, respectively.
The designed target threshold for triggering is at m = 0.5. The
simulation shows that the resulting waveforms of the QZSCB
and OZSCB under different conditions completely overlap with
each other, proving the accuracy of the analytical calculations
abovementioned and showing the protection characteristics of
both topologies.
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Fig. 12.  Equivalent circuit of the QZSCB before SCR is OFF (k < 1).

IV. CircuiT MODEL WITH VARIABLE COUPLING COEFFICIENT

The previous section compares the proposed QZSCB with the
existing OZSCB in ideal conditions, including the unity coupling
coefficient (k = 1) of the coupled inductor (i.e., L1 and Ls).
However, the coupling coefficient is less than 1 in reality. In this
section, the QZSCB and OZSCB are compared with a variable
coupling coefficient. The turn-OFF time of the SCR is also
considered for a rigorous comparison. The dynamic response
during short-circuit fault protection is analytically derived to
calculate the required capacitance for the QZSCB and OZSCB.
It is found that the fault protection performance of the OZSCB
is more sensitive to the coupling coefficient compared to that of
the QZSCB. The capacitance required by the QZSCB is greatly
reduced when the coupling coefficient becomes smaller. The
QZSCB also provides a much faster protection speed compared
to the OZSCB. In addition, the snubber circuit is discussed to
speed up the fault clearing. The analysis is verified in simulation.

A. Dynamic Response

Here, the dynamic responses of the QZSCB and OZSCB are
derived with a variable coupling coefficient k, expanding on the
ideal design process in Section III-A. The mutual inductance
between L1 and Ly, M, is expressed as

M = k+/Lq L.

(23)

Ignoring the conduction loss of each component, the equiv-
alent circuit of the QZSCB before SCR; is OFF is shown in
Fig. 12. A voltage step () is introduced on the load side to
represent the short-circuit fault. According to KCL and KVL, the
relationship between currents and voltages in the time domain
can be expressed as

iLl(t) + iLQ(t) + ic(t) =0

iet) = C5
4)

(Lg + M) 22l — —p2ef) 1o (1)

dt dt

(Ly+ M) S50 = —e(t)Vae + (Lo + M) #2500,
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Fig. 13.  Equivalent circuit of the OZSCB before SCR is OFF (k < 1).

When solved, i7,2(t), the current through Ly and SCR; of the
QZSCB, is

Vae

. Vi
ir2,q(t) = R &

Ap (N3+N172+2]€NQN1,)

X [t — AQ (]{3) sin ((JJQ(k‘)t)] . (25)

“Q” is added in the subscript of i 75 to differentiate the QZSCB
from the OZSCB. Aq and wq are functions of the coupling
coefficient. Aq is related to the amplitude of the sinusoidal
oscillation and wq represents the resonant angular frequency
of the equivalent circuit of the QZSCB as

k(N2+N2)

2 oty

1+k2+ =

(N2+N2420Na Ny ) (1-12)
C-AL-NZN}
_ N2+NZ+2kNg Ny

wq(k) = C-ALNINZ(1-K2)"

Aq(k) =

(26)

Similarly, the equivalent circuit of the OZSCB before SCR;
is OFF, as shown in Fig. 13. The current through L, and SCR4
of the OZSCB can be calculated as

Vae

ir2,0(t) = o= Vae 5
’ RO AL (Na+Nb)

X [t — Ao(k) sin (UJO(k)t)] . (27)
The expressions of Ap(k) and wo (k) of the OZSCB are
different from the QZSCB. When solved

k(14 ) - k2
1-k2
C-AL-N2

wo (k) = \/ car~rawy-

Referring to (25) and (27), the dynamic responses of both
the QZSCB and OZSCB consist of a dc component, linear
increment, and sinusoidal component. The coupling coefficient,
though, has different effects on the dynamic response of i 1.2 ()
and izo o(t). It is one of the key factors that determine whether
the current through the SCR can drop below zero in the event of
a short-circuit fault—ensuring the triggering of the protection.

Ao(k) =

(28)
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B. Regquired Capacitance With Variable Coupling Coefficient

In this section, the influence of k on the dynamic responses is
discussed in detail. With the same k, the capacitances required
by the QZSCB and OZSCB are derived and compared. Judging
from the derived dynamic responses abovementioned, the re-
quired capacitances of the QZSCB and OZSCB with a variable
coupling coefficient (k < 1) are expected to be clearly different
from those discussed in Section III-A.

In general, the necessary condition for the DCCB to function
in case of a fault is that the current through the SCR must
decrease—making the derivative of ¢y, » negative—and cross
zero. With this negative derivative condition applied to (25)
and (27), both the QZSCB and OZSCB yield the following
inequality:

1 1
t> — 5| ———7= ] - 29
> w5 (s am) =
Because of the arccos function, w(k) A(k) must not be smaller
than 1 to have a solution. Using (26), the explicit expression of
w(k)A(k) for the QZSCB is

Lk R
wa(k) Ag(k) = ———3 0

Equation (30) is a monotonically increasing function of k£ with
the minimum value of 1 when k& = 0. Thus, (29) always has a
solution for the QZSCB when 0 < k < 1, regardless of the value
of N, /N,. With the QZSCB, the SCR can always be effectively
turned OFF and the fault can be isolated as there is no limitation
on the value of k to realize the protection.

Similar calculations are performed with (28) for the OZSCB
as

k(1 + Ny/N,) — K
1— k2

wo (k)Ao(k) = 31)

This also has to satisfy wo (k) Ao (k) > 1 to have a solution,
yielding
N, 1

k - .
“No+ Ny 1+ Ny/Na

(32)

Unlike the QZSCB, the OZSCB has a minimum requirement
for k, which is related to N, /Nj. The dependence of OZSCB’s
minimum &, kpyin 0, on N, /Ny is illustrated in Fig. 14. When
N, /N, = 1, the minimum required k is 0.5. If the actual k is less
than knmin,0, the OZSCB cannot realize the protection, whereas
there is no limitation for the QZSCB in triggering the protection.

In addition to the limitation on % to ensure a negative slope in
the SCR current at the onset of a fault, the protection requires
a constraint on the minimum turn-OFF time for the SCR. The
turn-OFF time of the circuit (¢.)—the duration where the SCR
current stays negative—must be larger than the turn-OFF time
required by the SCR device (). This can be met with a proper
design of a capacitor. For the QZSCB, t. can be obtained by
solving “iz2 q(t) = 0” based on (25). However, this equation
cannot be solved analytically. Our approach is to approximate
the sinusoid in (25), “sin (ka),” to a quadratic function since
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only the first half of the cycle is of interest as

sin (wqt) & —— (wqt — T)wqt.
7r

(33)

Substituting (33) into (25) when 0 < wqt < m, the following
equation can be obtained:

w2 k=1, N AL .
4(k+1) 2R, wq N

(34)

th2 — (ﬂ' +

where it is assumed that N, = N,. Please note that a typical
setting in the QZSCB (and OZSCB) will be in the vicinity of this
design point, hence shown here as a demonstration. By solving
(34), the circuit turn-OFF time can be derived from the difference
of the two solutions as

I(kt1) R,

te,g =

wqQ (35)

Applying t..q > t4 to (35) for a guaranteed turn-OFF time,
the following inequality about ¢, is obtained:

472N, /(2= 2k)AL [1
+ R C

412 1
AL - N2(1—k)C

72 (4k — 7w + 7k + 4)°
—~ > <0.
8 (1+k)

(36)

Thus, the minimum required capacitance of the QZSCB with
respect to the variable coupling coefficient for correct SCR turn-
OFF and protection trigger can be calculated based on (36) as

Cmin,Q (k)

2R2(H (7r4AL3ij (1- k)2)

t2 R2 (4k—m+mk+4)?
[\/1 —k+ 167r42AL2N§(17k)(k+1)2 o

9531

Similarly, the circuit turn-OFF time of the OZSCB can be

derived as
2 AL-(1-k2)
72 (k2-1) 472N,
. \/(7r + 4(%%2)) TR
c,0 —
wo (38)

The minimum required capacitance of the OZSCB with re-
spect to the variable coupling coefficient for correct SCR turn-
OFF and protection trigger is

Cmin,o (k)

R23K2 (2 — k)2 / (4W4AL3N{? (1- l<:2)2)
(1- kz)]

=
(39)

In addition, the protection speed of DCCB can be reflected
by the time required for the fault current to cross zero. For the
QZSCB, the time when the fault current through the SCR crosses
zero can be derived based on (34) as

t2R2(8k—m—4k2+7k?2)?
6472 ALZNA(1—k?)

tiq =
w3 (k—1) 72 (1)) 2 272N, [AEC2R
(“L‘*("f“))_\/(7T+ ) — o
QLUQ :

(40)
Similarly, the time when the fault current crosses zero in the
OZSCB is

t1,0 =

(v + ) (e +

w2 (k271)>2 . 412N, \/ 7/‘[1'%7#)

I(2k—k2) Ro(2k—k2)

2wo
(41)

C. Simulation Verification

As an example, the minimum required capacitance with a
variable coupling coefficient for the QZSCB and OZSCB are cal-
culated by (37) and (39), respectively, and illustrated in Fig. 15,
for an SCR device that requires a minimum turn-OFF time of
tq = 35 us. The SPICE simulation results based on realistic
device models are also overlaid, showing an excellent agreement
between the calculation and simulation. The calculation and
simulation used the same circuit parameters, as given in Tables
Tand II.

The minimum capacitances required for the QZSCB and
OZSCB decrease first and then rise with the increase of k.
Thus, a coupling coefficient in the close vicinity of 1, which
is difficult to obtain from a practical standpoint, is not desirable
from a capacitance perspective either. The variation of Ciyin,q is
relatively small, which is around several tens of pF. Cinin 0, 0n
the other hand, is extremely sensitive to k, ranging from several
tens of k' to several tens of mE'. The ratio of Ciyin,0 t0 Chin,q
is further provided in Fig. 16. When the coupling coefficient
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is relatively small, Ciin,0 is much larger than Cinin,q. The
C' required for the OZSCB will be smaller than that for the
QZSCB only when k exceeds 0.93. The gaps between the
calculation and simulation toward very small k values are due to
the approximation of a sinusoid to a quadratic function in (33).
The calculation is, otherwise, in excellent agreement with the
simulation, effectively validating the influence of the variable
coupling coefficient on the required capacitance for the QZSCB
and OZSCB and providing an effective design reference for the
selection of capacitance.

Based on the minimum required capacitances provided by
(37) and (39), the protection times of the QZSCB and OZSCB
calculated by (40) and (41), respectively, are provided in Fig. 17
and overlaid with the simulation results. The time required for
the OZSCB to force the fault current to cross zero is much longer
than that for the QZSCB—the QZSCB can provide much faster
protection when a fault occurs.

To verify the dynamic responses of the QZSCB and OZSCB
in the time domain, the LC structures, shown in Figs. 12 and
13 are simulated and compared with (25) and (27), respectively.
Here, used are the same main circuit parameters provided in
Tables I and II. Note that SCRs are not considered in the circuits
for this comparison and no active/passive damping is applied
since this is to validate the dynamic responses associated with
the LC structures. The coupling coefficient of 0.85 is chosen
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and the short-circuit fault is injected at ¢ = 0.2ms for both
the QZSCB and OZSCB. The simulation results are overlaid
with the calculation results as illustrated in Fig. 18, proving
the correctness of derived equations. With the same design
parameters, the rate at which 77,5 is decreasing at the onset of a
fault (t = 0.2 ms) is visibly faster in the QZSCB, compared to
the OZSCB. This is consistent with the theoretical analysis. In
fact, iz of the OZSCB is not only decreasing slowly but also
cannot cross zero. With this set of parameters, the OZSCB will
not be able to provide proper fault protection.

Established with the accuracy of the dynamic response model,
the DCCB circuits for the QZSCB and OZSCB, including SCRs,
are validated in simulation. Using the same circuit parameters
provided in Tables I and II, the minimum required capacitance
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Fig. 19.  Short-circuit fault protection of the QZSCB in simulation (k = 0.85
and C' = 30 uF).

is 14.4 uF for the QZSCB and 44.6 puF for the OZSCB, accord-
ing to (37) and (39), under the conditions of ¢, = 35 us and
k = 0.85. In a real application, to ensure effective protection
and provide a sufficient margin for unaccounted nonideal effects
(e.g., parasitic capacitance, loop inductance and resistance, ESR
of components, magnetic loss, etc.), the capacitance can be
overestimated by more than 50%. Here, a resistor of 400 m¢2
is connected in series with the dc power supply, representing
the loop resistance in reality. The capacitances of 30 and 70 uH
with margin are used for the QZSCB and OZSCB, respectively.
The simulated waveforms are shown in Figs. 19 and 20. Both
circuits can successfully turn OFF the SCR and isolate the fault
(i.e., iscrs become 0 and stay at zero for both cases). However,
as no active/passive damping is reflected in the circuits (e.g.,
ESR of each component, loop resistance, etc.), L; and C' will
ring for a very long time once it starts resonating when the SCR
is OFF, unable to clear a fault in a short time.

D. Snubber Circuit

The voltages of the SCR and capacitor will settle at the input
dc voltage (V4.) after successful protection. However, oscillating
voltages until they settle require a much higher voltage rating
than the input dc level. To alleviate this problem, a metal-oxide
varistor (MOV) or a transient-voltage-suppression (TVS) diode
can be utilized as a bidirectional snubber to reduce the voltage
stress and speed up the clearing of the fault. The breakdown
voltage of an MOV or a TVS diode Vg should be larger than
the input dc voltage. In [25], an MOV is connected in parallel
with the capacitor and significantly reduces the peak voltage of
the SCR. The same strategy is applicable to both the QZSCB and
OZSCB. For the QZSCB and OZSCB, the peak voltage of the
SCR is larger than that of the capacitor, as shown in Figs. 19 and
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20. It is, therefore, more beneficial to place the snubber circuit
across the SCR.

To verify the above-mentioned analysis, a TVS diode is placed
across the C' or SCR in the QZSCB, as shown in Fig. 21. With
the input dc voltage of 28V, 1N6284 A is chosen as the TVS
diode in the simulation, whose break down voltage is 34.2 V. The
simulation waveforms of the QZSCB with the snubber circuits
are illustrated in Fig. 22, overlaid with the waveforms without
the snubber circuits. The peak voltages of the C' and SCR are
greatly reduced and the fault current quickly decays under the



circuit across SCR and C.

presence of the snubber circuit. If the snubber circuit is across
the capacitor, the peak voltage of the SCR is 52.2 V. When the
snubber circuit is in parallel with the SCR instead, the peak
voltage of the SCR is 39.8 V and the fault clearing speed is
noticeably faster. Thus, the snubber circuit will be placed across
the SCR in the following experiments for better suppression
performance.

E. Topology Comparison and Design Guideline

The comparison of the proposed bidirectional QZSCB,
OZSCB, and other existing Bi-ZSCBs is given in Table III. The
QZSCB and OZSCB have the lowest number of semiconductor
devices, magnetic components, and capacitors, simplifying the
driver circuit design of SCRs and reducing the cost and weight.
Although there is one more coil in the conduction loop of the
QZSCB compared to the OZSCB, the total conducting winding
turns are identical in principle. Since the required capacitance
of the QZSCB is less sensitive to the coupling coefficient and
generally smaller than that of the OZSCB for the same peak fault
current (20), the inductances in the OZSCB should be increased,
resulting in a lower efficiency during normal operation. Small
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TABLE III
COMPARISON OF BI-ZSCBS
Category [14] [15] [17] [18] [19] [20] OZSCB[25] QZSCB
Number of Semiconductor Devices 4 4 5 4 4 4 2 2
Number of Magnetic Components 2 2 2 1 1 1 1 1
Number of Capacitors 4 3 2 1 1 1 1 1
Conducting Devices (2 + y)! 2+2 2+2 3+2 2+2 2+1 2+2 1+1 1+2
Common Ground No Yes Yes Yes Yes Yes Yes Yes
Reflected Fault Current Zero High  Moderate Zero Zero Zero Moderate Moderate
SCR Driver Circuit Complicated Simple  Simple = Complicated Complicated Simple Simple Simple
Cost High High High High High High Moderate Low
Efficiency Low Low Low Low Low Low Moderate High
! and y represent the numbers of semiconductor devices and inductor coils in the conducting path in normal operation, respectively.
4 T T capacitance and inductances ensure the lowest cost and highest
< 2r efficiency for the proposed QZSCB compared with the existing
g o — typologies.
- {% : : Snubber across SCR [ One disadvantage, given in Table III, of the proposed QZSCB,
—— Snubber across C s . .
= 0 as well as the existing OZSCB, is that a portion of the fault
5_% “ current is reflected to the source. The inductance in the LC
1—(1)8 : : structure should be selected to limit the peak fault current, as
S peak: 39.8V AL shown in (21). With an appropriate design, the fault-current
B O sy surges of the QZSCB and OZSCB are tolerable for components
=100 ‘ ‘ in de microgrids [25].
_ 100 poak: 38 7\/' The parameter design flowchart with a practical coupling
‘>6 0 mﬁL& coefficient is given as follows.
peak: 39.9V . . . .
. 100 1) Ideal estimation: Based on the design requirements, as
40 I given in Table I, the turns ratio of the coupled inductors
% 207 can be obtained as (8). The required capacitance and
2?) I inductances are estimated as (13), (21), and (22).
i 2 4 6 8 10 2) Practical calculation: The actual coupling coefficient and
1 (ms) the required turn-OFF time of the SCR need to be taken
) ) ) ) into consideration. The minimum required capacitance
Fig. 22.  Simulated fault-clearing waveforms of the QZSCB with the snubber

can be calculated based on (37). Note that (37) is based on
the assumption that N, = N,. When N, # N, the same
analysis steps established in Section IV-B can be followed
to get the minimum required capacitance.
Margin and correction: To enhance the reliability, a certain
margin can be padded in capacitance selection based on
the calculated minimum value. The inductances can be
accordingly adjusted based on the capacitance and the
maximum allowable fault current according to (21).

The trigger level will also be affected by the coupling co-
efficient and the minimum detectable collapse rate of the load
voltage, and require further adjustments.

3)

F. Remarks on Applications

The proposed QZSCB is based on a Z-source approach to
perform an automatic and fast interruption without active sens-
ing and control in a short-circuit fault condition. However, it
may malfunction in load switching and cannot be triggered by
a specific current level, similar to other passive circuit breakers,
which limits the application. Although the fault-current level is
configurable, as discussed in Section III-A, whether the breaker
can trip is also determined by the ramp rate of the load current
and coupling coefficient. In extreme cases, if the ramp rate of
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Fig. 23.  Experimental platform. (a) Oscilloscope. (b) Power supply. (c) In-
ductors. (d) DC breaker prototype.

the load step is too slow, the QZSCB may not trigger. In addi-
tion, when the external circuit has a non-negligible inductance
introduced by cables and filter components, the turns ratio of the
coupled inductors and the capacitance should be adjusted [25].
In essence, it can be regarded as the changes in the values of I;
and M in the equivalent circuit model of the coupled inductors
in Fig. 13. More in-depth analyses should follow to consider a
nonunity coupling coefficient. Manual tripping circuit [11] and
extra fault detection unit [26] can be utilized to help solve this
issue and expand the application of passive circuit breakers.
Although a design example at a low-power level is provided
in this article, it should be noted that the proposed QZSCB has
a competitive advantage in high-voltage and high-current appli-
cations. An SCR has a smaller equivalent ON-state resistance
and a stronger tolerance to current and voltage surges compared
to fully controlled semiconductor devices, such as MOSFET and
IGBT. The power losses of the inductors and SCRs in ZSCBs
are comparable to other solid-state circuit breakers and only
account for a minuscule fraction of the total power in high-power
applications [8]. The analysis and parameter design of the circuit
components for high-power applications will be largely identical
to the low-power level demonstration provided in this article.

V. EXPERIMENTAL VALIDATION

To verify the performance of the proposed topology, a
low-voltage experimental platform, shown in Fig. 23, is built.
The input dc voltage is 28 V and the load resistance is 10 2.
The model of the SCR is 2N6403 G with a turn-OFF time of
35 us. The toroidal magnetic core 58620A2 is used for the
coupled inductors with AL of 0.40 uH/T?2. The film capacitor
106MMR100 K is selected for the capacitor C'. The TVS diode
IN6284 A is chosen as the snubber circuit across the SCR. The
main component parameters are given in Table IV. The coupling
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TABLE IV
COMPONENT PARAMETERS FOR EXPERIMENTS
Component Parameter  Value
SCR Ipcav) 16 A
VrrM 400V
tq 35 s
Coupled Inductors AL 0.40 uH/T?
N, 28
Ny 28
Ly 313.6uH, N; = 28
Lo QZSCB: 313.6 uH, Ny =28
OZSCB: 1254.4pH, Ny = 56
k 0.85
Capacitor C QZSCB: 30uF
OZSCB: 70 pF
TVS Ver 342V
20
15
10
<
= 5 -
= - - - Calculation
e Simulation
0 Experiment| ]
5 ‘ s ‘
0 0.2 0.4 0.6 0.8
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Fig. 24.  Dynamic response of iy of the QZSCB in experiment (k = 0.85
and C' = 30 uF).

coefficients of the coupled inductors of the QZSCB and OZSCB
are both measured to be 0.85 by an LCR meter. The capaci-
tances are overestimated as 30 and 70 uF for the QZSCB and
OZSCB, respectively, consistent with the simulation. Except for
the winding and connection structure of the coupled inductors
and capacitance, the prototypes of the QZSCB and the OZSCB
are identical. The operating mode, whether as the QZSCB or
OZSCB, can be configured on our prototype printed circuit
board (PCB). The list of equipment used in the experiment is:
CPX400S (dc power supply), AFG31000 (function generator),
LCR-8110 G (LCR meter), and MSO64 (oscilloscope).

First, the SCRs and the snubber circuit are removed from
the QZSCB circuit to verify the dynamic response of i1, when
a short-circuit fault occurs. To prevent a huge current surge
without short-circuit fault protection, the current capability of
the input power supply is curbed at a reasonable level as a safety
measure and the circuit is disengaged before the current level
goes beyond the limit. In Fig. 24, the fault happens at¢ = 0.2 ms
and the current waveforms of Lo from the calculation, simu-
lation, and experiment are overlaid. Note that a resistance of
400 mS?2 is reflected in the calculation and simulation responses
to account for the loop resistance in the experiment, which
is measured in the PCB. The equations for the “Calculation”
curve are formed by the same previous analysis, but solved
in MATLAB for a numerical solution as the explicit solutions
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Fig. 25.  Short-circuit fault protection waveforms of the QZSCB without the
snubber circuit in experiment (C' = 30 pF).

are difficult to obtain with an additional resistance. The dy-
namic responses of the calculation and simulation are com-
pletely consistent. The corresponding circuit turn-OFF time in
the calculation and simulation waveforms is 54.6 us. The circuit
turn-OFF time obtained in the experiment is 57.4 us, which is
in good agreement with the predicted value in calculation and
simulation.

Next, the SCRs are placed back into the circuit. The designed
QZSCB is tested with a short-circuit fault without the snubber
circuit. The fault clearing waveforms are shown in Fig. 25. When
the short-circuit fault happens at ¢t = 2 ms, the current flowing
through L, 7;,, increases sharply, forcing the current through Lo,
isCR, to drop rapidly and cross zero after 11.9 pus. The SCR is
turned OFF successfully. The oscillation between L, and C then
starts in the circuit. The peak voltages of the SCR and capacitor
are 81.5V and 56.1 V, respectively. It validates the operational
principle and effectiveness of our QZSCB.

Then, a TVS diode is connected in parallel with the SCR in
the QZSCB circuit to perform the short-circuit fault protection.
As shown in Fig. 26, the current through the SCR is cut off when
the fault happens. Compared with Fig. 25, the LC oscillation is
greatly attenuated with the snubber circuit, speeding up the fault
clearing. The peak voltage of the SCR is reduced from 81.5 to
39.4 V. The peak voltage of the capacitor is reduced from 56.1
to 38.8 V. The experimental result is in good agreement with the
simulation, verifying the effectiveness of the snubber circuit.

To make a comparison between the QZSCB and OZSCB, the
parameters and connection of the coupled inductors are modified
based on Table IV and Fig. 1 to build the OZSCB circuit. The
snubber circuit is removed from the circuit and the capacitance
is chosen as 30 uF, the same as that in the QZSCB. In this case,
the short-circuit fault protection is unsuccessful, as shown in
Fig. 27. The current of the SCR cannot decrease to zero when
the short-circuit fault happens. The fault current cannot be cut
off and continues to increase along with the oscillation. Thus,
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Fig.27.  Short-circuit fault protection waveforms of the OZSCB with the same
capacitor C' = 30 puF in experiment.

30 pF is not enough for the OZSCB to realize short-circuit fault
protection, as expected. Based on the calculation and the simu-
lation, the capacitance is increased to 70 uF for the OZSCB and
the short-circuit fault protection experiment is repeated. With a
capacitor of 70 uF, the short-circuit protection is successfully
engaged, as shown in Fig. 28. The current through the SCR
crosses zero after 51.6 ps. The peak voltages of the SCR and the
capacitor are 70.6 V and 53.4 V, respectively.

The short-circuit fault protection of OZSCB with the snubber
circuit is also performed, as shown in Fig. 29. The peak voltages
of the SCR and the capacitor are reduced and the fault clearing is
faster. The experiment of the OZSCB with a capacitor of 60 pF
is also carried out in the laboratory. The current through the
SCR can cross zero but the SCR cannot be turned OFF due to
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Fig. 28. Short-circuit fault protection waveforms of the OZSCB without
snubber circuit in experiment (C' = 70 puF).
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Fig.29. Short-circuit fault protection waveforms of the OZSCB with snubber
circuit in experiment (C' = 70 pF).

insufficient turn-OFF time. Therefore, the experimental results of
the QZSCB and the OZSCB prototypes validate the theoretical
analysis, proving that the QZSCB requires less capacitance and
ensures faster protection speed than the OZSCB in reality. The
short-circuit fault protection is also tested in the reverse direction
for the QZSCB and OZSCB. As expected with the symmetry,
the reverse direction experiments yield identical response wave-
forms as Figs. 26 and 29.

VI. CONCLUSION

In this article, a bidirectional dc circuit breaker with a Q-
shaped impedance network is proposed for dc microgrids. The
new topology is similar to the existing OZSCB, but has better
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performance and more resilient properties than the OZSCB.
In an ideal case, where the coupling coefficient of the cou-
pled inductor is unity, the QZSCB requires fewer winding
turns, showing advantages in weight and cost, compared to
the OZSCB, while keeping the required capacitance value the
same. Furthermore, in a nonideal, practical case, where the
coupling coefficient is less than unity, the dynamic response
of the fault current is greatly enhanced. Analyses with a vari-
able coupling coefficient are performed to show that the new
topology drastically improves the sensitivity to the magnetic
coupling coefficient, compared to the OZSCB. It results in a
smaller capacitance for lower weight and cost, especially in
lower coupling coefficient cases. The short-circuit protection
can be also guaranteed for the QZSCB, unlike the OZSCB,
regardless of the coupling coefficient. A bidirectional snubber
circuit is considered and applied to the QZSCB and OZSCB.
A TVS is adopted and connected in parallel with the SCR for
faster fault clearing. A prototype built in the laboratory verified
the theoretical analyses and the improved performance of the
proposed system, and validated the comparisons between the
QZSCB and OZSCB.
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