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Direct current (DC) power systems are becoming very popular due to better
control ability and equipment reliability thanks to the continuous
development of power electronics. A DC circuit breaker (DCCB) used for
current interruption in a DC network is a major part of the system. It plays
the vital role of isolating networks during fault clearing as well as during
normal load switching. Breaking the DC current is a major challenge as it
does not have any natural zero crossing points like the AC current has. In
addition, energy stored in the network inductances during normal operation
opposes the instantaneous current breaking. Hence, all the conventional DC
circuit breaker topologies use lossy elements to dissipate this stored energy
as heat during the current breaking operation. However, it is possible to store
this energy and reuse it later by developing an improvised topology. In this
paper, the prospects of energy recovery and reuse in DC circuit breakers have
been studied, and a new topology with regenerative current breaking
capability has been proposed. This new topology can feed the stored energy
of the network back into the same network after breaking the current and thus
can improve the overall system efficiency.
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NOMENCLATURE

Ve . DC voltage source n Energy recovery efficieny
Vs, Is Source voltage, current Rs, Ls : Source resistor, inductor
Ps : Source power Re :  Load resistor

lLoap Load current C . Capacitor

Ir © Regenerated current L :Inductor

Er : Regenerated energy D;-D, : Diodes

I :Inductor current S1-S2 Mechanical switches

Ve, lc Capacitor voltage, current T1-T2 Thyristors

Vs2 . Voltage across mechanical switch (S2) IGBT Insulated Gate Bipolar Transistor
Vgt : Thyristor gate pulse MOV Metal Oxide Varistor

Vi . IGBT gate control voltage Tip . Current breaking time
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1. INTRODUCTION

In the present era, dealing with direct current (DC) power systems has become significantly easier
due to the stunning advancement of semiconductor technology and the continuous development of power
electronics. With rapid growth in renewable energy resources (RES) and increasing demand for smart and
efficient loads, DC power distribution systems can become the most suitable option for many applications.
Meanwhile, there are a number of application areas where DC power systems are already in use, such as DC
microgrid, HVDC transmission, electric vehicle, and electric traction load [1]. It is widely agreed that DC
micro grids are also superior to AC micro grids in many ways, such as in terms of control simplicity,
efficiency, reliability, RES integration, and connection of DC loads. However, despite having many
advantages, designing an appropriate protection scheme for a DC power system poses a significant challenge
[2]. Basically, the challenge originates from the nature of DC fault current, which during a sudden fault can
rapidly rise to several times the normal load current and has no naturally occurring zero crossing point like
AC has. Fast and efficient fault detection techniques, fault current limiting methods, proper grounding
systems and an appropriate DC circuit breaker (DCCB) are required to address the challenges of DC system
protection [3]. The DCCB used for current interruption in a DC network, is an integral part of the system. In
this paper, different types of DCCB topologies have been discussed to exploit their limitations, and a new
topology with a unique current breaking feature has been presented and evaluated. This paper is structured
as shown in: section 2 gives a brief background of the topic along with literature reviews, related works, and
problem statement. Section 3 introduces and discusses the new DCCB topology. Section 4 describes the
research methodology in detail with a methodology flow chart and later discusses the mathematical
modelling and working principle of the proposed topology thoroughly. Section 5 presents the simulation
results, compares the performance with that of the conventional topologies and finally validates the proposed
concept through experimentation.

2. BACKGROUND STUDY

Circuit breakers are switching devices used to break the current in any electrical network. Circuit
breakers either deploy mechanical contacts to make a break in the current path by isolating the contacts or
use a solid state turn off mechanism to achieve the current breaking. As the contacts separate in a mechanical
turn off process, an arc is initiated in between them, and this arc must be extinguished quickly to break the
current efficiently as well as to keep the contacts undamaged. In an alternating current (AC) network, due to
the sinusoidal nature of the current, a natural current zero situation arises twice in a full cycle. Using
different arc extinguishing techniques, the circuit breaker usually breaks the current at these current zero
instances. This process of current breaking is quite straightforward in an AC network, but in a DC network it
is not that simple. Natural current zero is not available in the DC current and that makes the breaking of DC
current using conventional circuit breakers very challenging [4], [5]. Furthermore, when current flows in a
DC network under normal conditions, energy is stored in the inductance of the line as well as in the filter
elements of the DC/DC converters. As a result, current in this network cannot be broken instantaneously,
otherwise it will create high potential stress on the breaker contacts, create and maintain an arc for a longer
period of time, and damage the contacts in the process [6], [7]. Similarly, in the case of a solid state turn off
process, a sudden ceasing of current flow in an inductive DC network will develop a high potential stress
across the device and may damage it. For safe and efficient breaking of DC current, it must be reduced to
zero and the stored energy of the network must be dissipated during the process. Snubber networks or
impedance networks or nonlinear resistors or a combination of them are usually used in the conventional
DCCB topologies to absorb and dissipate the stored energy as heat and to assist in the current reduction.

2.1. Literature review

As per literature, DC circuit breakers are mainly divided into four categories: (1) Mechanical circuit
breakers; (2) Solid-state circuit breakers; (3) Hybrid circuit breakers and (4) Z-source circuit breakers [8].
Some modified versions of these categories are also found in literature. A brief description of the
construction and working principles of these topologies is presented in the following sub-sections.

2.1.1. Mechanical circuit breaker

The basic mechanical circuit breaker (MCB) is composed of a mechanical switch, a commutation
circuit, and a voltage limiter circuit. The typical schemes of MCB with passive and active commutation
circuits are shown in Figure 1 (a). Under normal operating conditions, the mechanical switch (CB) conducts
the load current. Once the breaker receives a trip signal, the mechanical switch opens that creates an arc
across it. The arc voltage forces the current to shift from the mechanical switch to the commutation circuit.
Then the commutation circuit consisting of a capacitor and inductor in series generates a sinusoidal current
oscillation at its natural resonant frequency. While the amplitude of the oscillating commutation current (I¢)
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becomes sufficiently large, zero-crossing points are created in the mechanical switch current (I,) and the
mechanical switch extinguishes the arc and interrupts the current at the first zero crossing point.
A metal oxide varistor (MOV) limits the voltage across the switch. The main advantages of MCBs are low
power loss, simple architecture, and relatively low cost. However, slow response time and limited current
interruption capability are the main disadvantages [9], [10].

2.1.2. Solid-state circuit breaker

Semiconductor based switches such as thyristor, gate turn-off thyristor (GTO), integrated gate-
commutated thyristor (IGCT), and insulated gate bipolar transistor (IGBT). are used as the current
interrupting element in solid-state circuit breaker (SSCB) to address the problem of slow time response [11].
A typical SSCB is shown in Figure 1 (b). The operation procedure of SSCB is very simple. Devices like
GTO, IGCT and IGBT are fully controllable, and they can be turned on or turned off easily by control signal.
But thyristor requires an extra commutation circuit to be turned off, and it takes longer time, and this delay
can lead to high fault current. However, the conduction loss in thyristors is the lowest, and such a low on-
state loss results in a reduction in the overall size and cost of the SSCB [12]. A MOV connected in parallel
to the solid-state switching device limits the voltage surge across it during the current interruption process.
Though SSCB has simple construction and provides faster response, higher conduction loss, lack of galvanic
isolation, and bulky cooling systems are a few of the limitations [13].

Imov MOV MOV
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MoV D
. c
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IGBT1 IGBT2 Veo SCRH
- ;{c - - @—@ — N e -
L veo T T
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Figure 1. Typical DCCB topology; (a) Mechanical circuit breaker; (b) Solid-state circuit breaker

2.1.3. Hybrid circuit breaker

Hybrid circuit breaker (HCB) is a combined technology that integrates both the MCB and the SSCB.
As a result, HCBs possess the advantages of both and offer faster operation, low power loss, and negligible
arcing. As shown in Figure 2 (a), a basic HCB scheme has three main parts, including a fast-mechanical
switch (FMS), a high-voltage solid state (SS) switch as the main breaker (MB), and a MOV [14]. Under
normal operating conditions, the current passes through the FMS. When a trip signal is received, the FMS
starts opening and sends a turn-on signal to the MB. Due to the arc voltage developed across the FMS, the
current shifts naturally from the FMS to the MB. Once the FMS gains sufficient breakdown strength, the MB
is turned off, which creates a voltage spike due to circuit inductances. The MOV turns on to clamp this spike
voltage and the current now commutes through MOV and decays to zero. Once the current becomes zero, the
residual current breaker (RCB) opens to provide complete galvanic isolation [15]. Despite having many
advantages, HCB has few challenges as well. Mismatches in reaction times of the FMS branch and MB
branch, mismatches in their current ratings, dependency of the FMS operation on the fault magnitude, and
requirement for a higher arc voltage for current commutation, are few of the challenges [16].

2.1.4. Z-source circuit breaker

Z-source circuit breaker (ZSCB) is an upgraded version of the SSCB. A typical ZSCB scheme is
shown in Figure 2 (b). While in operation, once a short circuit fault occurs, the fault current is drawn from
the capacitors as the current through the inductor can not change instantaneously. At this point, both the
capacitor currents increase to reach the prefault inductor current. When the capacitor current equals the
inductor current, the SCR current becomes zero, forcing the SCR to turn off. In the next stage, the two series
(L-C) branches connected to the fault form resonance and hence current oscillation is created. During this
oscillation, the diodes turn on to bypass the current through the resistor, causing the inductor current to
circulate in the inductor/resistor/diode loop until it decays to zero [17]. Although ZSCB has some benefits
over MCB and SSCB, it only operates reliably in severe fault conditions. Moreover, ZSCB also has
drawbacks like undesirable frequency response, not having common ground, and high spike current during
turning on [18].
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Figure 2. Typical DCCB topology; (a) hybrid circuit breaker; (b) Z-source circuit breaker

2.1.5. Modified topologies

Apart from the conventional topologies, some modified and updated schemes are also proposed in

the literature, such as the proactive hybrid circuit breaker [19], Superconductor based hybrid circuit breaker
[20], hybrid circuit breaker with commutation booster [21], coupled-inductor solid state circuit breaker [22],
ZSCB based on coupled inductors, fast current releasing SSCB topology [23], and gas discharge tube (GDT)
based circuit breaker [24]. Table 1 summarizes the advantages and disadvantages of the different topologies.

Table 1. A comparative statement of conventional DC circuit breaker topologies

S.L. Type Advantages Disadvantages References
Conventional Topology
1. Low contact resistance 1. Slow operating speed [9], [10]
1 Mechanical Circuit 2. Very low power losses 2. Limited current interruption
Breaker 3. Relatively low cost capability
4. Provides galvanic isolation 3. Low lifetime
1. High on-state losses [11]-[13]
2 Solid-State Circuit 1. Ultra fast operation 2. Relatively costlier
Breaker 2. Very long lifetime 3. Big size due to heatsink
4. No galvanic isolation
1. Low power losses 1. Complex technology [14]-[16]
3 Conventional Hybrid 2. Arc free current breaking 2. Current commutation relies on
Circuit Breaker 3. Reasonable operation speed the arc voltage
4. Provides galvanic isolation 3. Very expensive
1. Requires higher fault for self [17], [18]
7 - 1. Automatic tripping for critical fault t2r|pp|ng id | d
4 -Source Circuit 2 Lower cost than SSCBs . Canr)ot provide prolonge
Breaker 3R - protection
. Reasonable operation speed 3N
. No common ground
4. No galvanic isolation
Modified Mechanical Circuit Breaker Topology
Gas Discharge 1. Fast operation 1. Lifetime not proven yet [24]
11 TL_Jbe _(GDT) based 2. Reasonable efficiency 2. Continuous power requirement
Circuit Breaker 3. Expensive
Modified Solid State Topology
1. Automatic tripping for set fault . [11]
2.1  Self-Adapting Fault 2. Bidirectional power flow capability o .
Current Limiter 3. Automatic fault current limiting 3. Bigger size
e 4. Reliability not proven yet
capability
. 1. High on-state losses [23]
1. Faster operation S
29 Fast Current Releasing 2. Soft turning off operation ?I No bldlrggtlonal power
' SSCB Topolor 3. Free from surge voltage ow capat?lllty
pology urge g 3. Source inductance degrades
4. Very long lifetime . : grac
current interruption capability
U . 1. No bidirectional power [22]
by Colmmucor oy 3 (ATl g s o iy
' State Circuit Breaker séurce 2. Requires higher fault for self
tripping
1. Automatic tripping for critical fault 1. High on-state losses [25], [26]
24 Self-Powered SSCB 2. Bidirectional power flow capability 2. Complex architecture

Topology

3. Self powered hence, no external
power supply is required

3. Requires higher fault for self
tripping
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Table 1. A comparative statement of conventional DC circuit breaker topologies (continue)
Modified Hybrid Topology
Proactive Hybrid 1. Faster operation 1. Increased on-state losses [19]
Circuit Breaker 2. Reasonable efficiency 2. Very expensive
Hybrid Circuit . s 1. Losses in the coupled [21]
32 Breaker with 1 Faster operation with high rate of inductor
- rise of the fault current .
Commutation Booster 2. Very expensive
DC Circuit Breaker 1. Self-oscillation circuit needed [20]

3.1

33 with Suberconductor 1. Low losses for the mechanical switch
' P - 2. Inherent fault current limiting 2. Cryogenic system required
based Current Limiter f
3. Very expensive
34 Superconductor based 1. Low losses 1. Cryogenic system required [20]
' Hybrid Circuit Breaker 2. Fast operation 2. Very expensive

Modified Z-source Topology

Bi-directional ZSCB 1. Fault current is not reflected to 1. No common ground [18]
the source 2. Complex architecture
4.1  based on Cross e - : -
Connection 2. Bidirectional power flow capability 3. Blgggr size
3. Moderate conduction losses 4. Relatively costly
1. Fault current is reflected to [24]
Bi-directional ZSCB 1. Provides common ground the source
4.2 based on Series 2. Bidirectional power flow capability 2. Complex architecture
Connection 3. Moderate conduction losses 3. Bigger size
4. Relatively costly
A 1. Provides common ground [24]
Bi-directional ZSCB 2. Bidirectional power flow capability 1. Complex architecture

based on Coupled

4.3 Inductors

3. Fault current is not reflected to the 2. Bigger size
source 3. Relatively costly

4. Moderate conduction losses

2.2. Problem statement

Each of the DCCB topologies has its own advantages and limitations. But all the topologies have a
common drawback in terms of the current breaking technique. Almost all the topologies use either snubber
networks or impedance networks, or nonlinear resistors or a combination of them as absorber circuits to
dissipate the stored energy of the network as heat during each current breaking operation. This conventional
current breaking technigue makes the DCCB an inefficient device in the network. Because a significant
amount of energy is wasted during every current breaking operation in a high current network. But instead of
dissipating, the stored energy can be reused in a similar way like the regenerative braking in an electrical
drive system works. As we are striving for more energy efficient technology for every day application for a
sustainable future, if there is a slightest scope of energy conservation, it should be grasped whole heartedly.
However, from the knowledge of the literature, there is hardly any study that deals with the energy reuse
capability of a DCCB. A thorough review of the literature, as well as scholarly and patent-related information
from [27], demonstrates that the concept of regenerative current breaking in circuit breakers is novel. Though
studies such as [25], [26] have presented topologies which utilize network energy to operate themselves and
do not require any external power, those are not dealing with the greater domain of energy regeneration.
Hence, this paper will explore the scopes and techniques of current breaking with regeneration in DCCB, will
propose a new topology with energy regeneration capability, will build the mathematical modelling and
validate the proposed concept through simulation and experimentation.

3. PROPOSED WORK

Regenerative braking is a well-known technique used in electrical drive systems. The rotor of a
running motor stores mechanical energy in the form of rotational kinetic energy. When this running motor
needs faster deceleration, the drive system manipulates the motor supply voltage in such a way that the motor
enters into generating mode. The drive system now absorbs electrical energy from it and feeds this electrical
energy back into the source. As the mechanical energy of the rotor is absorbed, a negative torque is generated
which decelerates the motor faster. In addition, the energy absorbed by the drive system is reused to recharge
the battery if battery was used as a source or simply used to supply other loads connected to the source. This
technique increases the overall efficiency of the system on a greater scale. Similarly, energy is stored in the
network inductances of a DC network in terms of current, and while breaking this current, the stored energy
can be absorbed and fed back to the source afterwards. Figure 3 (a) presents the proposed DCCB topology,
which consists of mechanical switches, thyristors, diodes, IGBT, capacitor, and inductor. As per the proposed
regenerative current breaking concept, upon receiving a trip signal, the load current is diverted from the main
branch to the impedance network (L-C network) inside the circuit breaker to reduce the current to zero
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initially; and to store the energy within the capacitor in terms of voltage. Once the current becomes zero, the
load is disconnected from the source side and, subsequently, the stored energy of the capacitor is fed back
towards the source, commencing regeneration as shown in Figure 3 (b). The detailed working principles and
mathematical modelling are presented in section 3.

Augxiliary Contact Main Contact
[ o Ls Rs Load Current T Proposed DCCB ‘I’ Load Current
+ | | + o AV 1 e 1 —
S1 s2 ! ! —
Regenerative|
;Z T 75 ot i Gurren e
C L -~ VDC é
D2
Hﬁ} IGBT ZS
() (b)

Figure 3. Proposed DCCB topology and its application; (a) proposed DCCB topology, (b) proposed
topology used in a radial DC network

4. RESEARCH METHOD
This section describes the research methodology, presents the methodology flow chart, and finally
discusses the mathematical modelling and working principle of the proposed topology thoroughly.

4.1. Methodology

A detail graphical representation of the research methodology is stated in Figure 4 that shows the
different phases of the research. The research work was conducted through simulation, analysis, and
experimentation and was carried out in four phases given by:

—  Phase-1: Literature Review and Simulation of the Existing DCCB Models: The first step of this
research was to extensively go through the literature on different DCCB topologies, to understand their
working principles and to realize their limitations. Special focus was given to their current breaking
mechanisms to exploit the drawbacks and to generate new ideas for feasible solution.

—  Phase-2: Modeling of the Proposed Regenerative Current Breaking Technique: The mathematical
model of both the current breaking and regeneration operations was developed in this phase. Later, a
new topology was devised to be best fitted with the mathematical model, followed by developing a
control algorithm for generating coordinated switching signals for the topology.

—  Phase-3: Simulation and Analysis: In the third phase, the proposed DCCB was simulated in PSIM
software. A radial DC network with source resistance and inductance was used for simulation where the
proposed model was applied to break the network current and to regenerate current afterwards. In
addition to that, properties such as current breaking time, voltage stress, and voltage disturbance in the
network. were thoroughly investigated and evaluated.

—  Phase-4: Experimental Validation: In the final phase, a prototype model of the proposed DCCB
topology was built for experimental validation. The current breaking capability, along with the
regeneration effect, was demonstrated and the performance was evaluated accordingly.

4.2. Modeling

Mathematical modelling of the proposed topology is explained in this subsection. Necessary
differential equations based on simple circuital analysis are developed and then solved to find the time
domain responses which justify the working principle.

4.2.1. Mathematical model for current breaking

The proposed regenerative current breaking technique is formulated based on the concept that an
inductor and a capacitor form a resonant circuit that creates current oscillation when connected to a voltage
source, and they store energy cyclically in terms of current (1) and voltage (V) respectively. Energy stored in
an inductor and a capacitor is calculated as %LI2 and %CV2 respectively, where L stands for inductance and C

A new direct current circuit breaker with current regeneration capability (S. M. Sanzad Lumen)



2328 O ISSN: 2088-8694

for capacitance. As shown in Figure 5 (a), when current i(t) = I, flows in the DC network, energy is stored in
the source inductance Ls. At time t = t,, the breaker receives a trip signal which initiates the tripping process.

At the initiation of tripping, the fast-operating mechanical switch (S2) opens, and an arc voltage is
created. At the same time, gate pulses are sent to the thyristors (T1 & T2). Due to this combined effect, the
load current is commutated from the main branch to the secondary branch (impedance network) as shown in
Figure 5 (b). This impedance network consisting of L and C generates a current oscillation at its natural
resonant frequency. This current oscillation diverts the main branch current completely, and thus the arc
voltage cannot go very high, and the arc is extinguished shortly. The current oscillation is governed by (1). It
is to be noted that the source current and the load current are synonymous here.

Parameter Adjustment

Phase-1 and Fine Tuning
Literature Survey

}

Phase-4

Simulation and Analysis of Experimental Validation
the Existing DCCB of the Proposed Topology
Topologies ¢
l New DCCB with Regenerative
Phase-2 Performance Analysis and Current Breaking Capability
Modeling of the Proposed Performance Comparison with the Developed
Regenerative Current Conventional Topologies
Breaking Technique l
l T Results & Documentation
Developing the New Topology Phase-3
along with Switching Simulation of the Proposed
Algorithm Topology End
Figure 4. Methodology flow chart
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Figure 5. Current breaking operation in the proposed circuit breaker; (a) source current path before tripping
initiated, (b) source current path after tripping initiated

di(t)
dt

(Ls + L) S22+ Ry + R i) + £ [ it)dt = V, it = to) = Io 1)

where, V = DC source voltage, Rs = source resistance, Ls = source inductance, R. = load resistance,
i(t) = source current, I, = initial value of source current, L = breaker inductance, C = breaker capacitance. The

. L __ (Rs+Ryp) - . _ 1 .
solution of (1) is given by (2) where, a = PYOoR) is the damping factor, w, = Toane is the resonant
- Z_ 2 A= — ZVHo(Rs+RL)
frequency, B = w2 —a?, A= lyand B = Bl
i(t) = e"*(Acos it + B sin fit) 2

As shown in (2) is a damped oscillation which ultimately decays to zero as shown in Figure 6 (a).
But, during the first zero-crossing point of this oscillating current, the thyristors (T1 & T2) are turned off by
natural commutation and the capacitor C remains charged as shown in Figure 6 (b). As the thyristors are now
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turned off, the load becomes totally disconnected from the source, completing a successful current breaking
operation. The current breaking time is calculated as Ty, = t; — t,.

Source Current, i(1) Source Current, i(z)

i\ Current broken at zero
::/ crossing point
:

HQ—Tnppmﬂ time (7})

4— Current at the moment tripping starts
: Zero crossing point

Capacitor Voltdge ve (1) Capacnor VoltaEL ve(t)
Veo Veo '\
0 —4 \ /\ /\\//\V/\ VAN Capacitor remains charged
Tripping 513,(5_' ; \J and holds energy
: 0
i, :
R Time () Time (1)
@ (b)

Figure 6. Dynamic responses during current breaking operation; (a) current and voltage oscillation as per (2),
(b) current breaking and capacitor charging

4.2.2. Mathematical model for regeneration
Once the thyristors are turned off, the regeneration cycle starts by turning on the IGBT at time t = t..
As a result, the capacitor C discharges through the inductor L, and thus the stored energy of the capacitor is

transferred to the inductor as shown in Figure 7 (a). The current response is governed by (3) whose solution

is (4) where V¢=initial voltage of the charged capacitor, i:(t)= regenerated current, and w,’ = % is the

resonant frequency. Hence, the inductor current is now forced to flow through diodes (D1 & D2) towards the
source as shown in Figure 7(b).

LED L2 [ (@) dt =0, i, (t = t,) = 0, Ve(t = ) = Vo 3)
i(t) = Vco\/% (sin wr,t) (4)

As shown in (4) is a simple sinusoidal response which cyclically transfers energy back and forth
between L and C, as can be seen in Figure 8 (a). But as soon as the capacitor discharges completely in this
oscillation, the control system turns off the IGBT at time t=ts.

. L Rs iM=0 | Proposed DCCB ' im=0 ) Ls Rs i(t)=-ir ) /?\ Proposed DCCB
UYL AAN A YL AAN,
VWA 51 . s1 s2
l l T o1\ T2
X c L
v RLS @)v ThE et k) D2 RLS
1 1
(@) (b)

Figure 7. Regeneration operation in the proposed circuit breaker; (a) capacitor transfers energy to the
inductor, (b) Inductor releases energy towards the source

This phenomenon of feeding energy back to the source side network is defined as regeneration. The
equation for the regenerated current and its time domain response are given by (5) and (6) respectively and
the responses are visualized in Figure 8 (b).
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L+ D) B2+ Ri(E) =V, i(t = ts) = (5)
Rs __Rs_
i(t) = —Lge L' +Rls(1 —e LstL') (6)

where, I, = inductor current at the moment the IGBT turns off. The regenerated current i(t)=-i.(t) has a peak
value of -lr, that exponentially reduces to zero while being fed back. Once the regenerated current becomes
zero, the auxiliary switch (S1) turns off and the breaker resets for the next operation.

Capacitor Voltage, ve (1) Source Current, i(1)
i — Charged capacitor starts discharging

Vco !
0
0 L T ]
Lo - \
) . . : Negative regenerated
Capacitor discharges completely ¢ currént
Capnditbr Current, ic(t)/ Inductor Current, 7.(t) Capacitor Voltage, v {t)f Inductor Current, i.(t)
b V, Inductor currem towards
T (1) w0 veft) !
L VAV VAV A VAN I~ |
Ne— N N LY IGBT stops and forces
L Inductor receives full energy current towards source
LG ‘ ; -
2 t Time (1) - E Time (1)
(a) (b)

Figure 8. Dynamic responses during regeneration; (a) current and voltage oscillation as per (4),
(b) regenerated current as per (6)

5. RESULTS AND DISCUSSION

This section discusses the results of the simulation and experimental studies and thus validates the
proposed concept. For simplicity, the network shown in Figure 3 (b) was modelled and simulated in PSIM
software. Later, a scaled down prototype of the DCCB model was built and tested. Both the current breaking
and regenerative function of the proposed topology were demonstrated and validated.

5.1. Simulation

The PSIM simulation model as shown in Figure 9 was simulated using the following simulation
parameters: Vpc=400 V, Ls=200 mH, Rs=0.1 Q, R=0.9 Q, L=50 mH, and C=2000 pF. The network
parameters were chosen in such a way that it became a high-current network with moderate network
inductance. The circuit breaker parameters were then chosen based on the design calculations in line with the
mathematical modeling.
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Figure 9. PSIM simulation model
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5.1.1. Current breaking

A simple control algorithm generates the coordinated switching signals for the switching devices.
The current commutation, reduction, and regeneration along with coordinated switching signals are shown in
Figure 10 (a) which shows that the DCCB turns on at time t = 0.055 s upon receiving a closing pulse and the
source current |s rises and reaches to 400 A. At time t = 1.5 s, a trip signal is received by the circuit breaker
and the tripping process starts. At the initiation of tripping, the control voltage for main contact S2 goes low
that turns it off after a switching delay of 15 ms. The gate pulse V,; turns the thyristors on, and the arc voltage
induced due to the separation of S2 contacts forces Is to shift to the impedance network and the current
becomes I/l as shown in Figure 10 (a). Resonance is formed in this impedance network, which creates the
current zero point, and the thyristors turn off at this zero-crossing point, forcing Is and l.0. to become zero,
ensuring 51.75 ms of current breaking time. As the current passes through the impedance network, it charges
the capacitor C, and the capacitor voltage V. rises and remains charged until it discharges during regeneration
as shown in Figure 10 (b). In addition, a voltage surge induced due to high di/dt during the current breaking
period is also visible in the source voltage Vs and switch voltage Vs,. Moreover, a surge in source power P
due to sudden energy release from the source inductance is also visible in Figure 10 (b). This is the energy
which is usually wasted in the conventional DCCB topologies. The regeneration operation is explained in the
next subsection.
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Figure 10. Control signals and synchronized current and voltage responses during circuit breaker operation;
(a) control signals and current responses, (b) control signals and voltage and power responses
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5.1.2. Regeneration

When the source current becomes zero, the DCCB gets ready for the regeneration sequence. The
gate control voltage V, turns the IGBT on at a time, t = 1.57 s, and the charged capacitor starts discharging
to the inductor. The negative discharging current Ic and I, are visible in Figure 10 (a). As the capacitor
discharges, energy is transferred from the capacitor to the inductor. The moment the capacitor discharges
completely, and V. becomes zero, the IGBT turns off, forcing I, to conduct through diode D1 towards the
source. As a result, the inductor now releases the energy back into the source side network and regeneration
takes place. The inductor current which becomes the regenerated current is depicted as the negative source
current in Figure 10 (b) with a peak value of -124.8 A. The average value of the regenerated current is
measured as -109.85 A. The regenerated power as shown in Figure 10 (b) is measured as around -320 MW,
which is very high due to the high energy density caused by the very small regeneration period, e.g., 0.15 ms
only. The amount of regenerated energy is measured as 11.99 kJ, which is around 40.3% of the total energy
released from the source network during the current breaking operation.

5.2. Performance evaluation

The transient responses during current breaking operation in a conventional topology, such as MCB,
and in the proposed topology are shown in Figure 11 where the distinctions are clearly visible. Though the
main novelty of the proposed topology is its regeneration capability, its tripping speed is also faster than the
conventional MCB, as can be seen in the figure. MCB dissipates energy in the absorber circuit as shown in
Figure 11 (a) while the proposed topology regenerates it as can be seen in Figure 11 (b). Other conventional
topologies such as SSCB, HCB, ZSCB, and their modified versions also dissipate energy either through an
absorber circuit or through an MOV or snubber network. A comparative statement of the current breaking
performances of some conventional DCCB and the proposed DCCB is presented in Table 2. Lower
conduction loss and provision of galvanic isolation are two of the important criteria of a DCCB for high
voltage, high current applications where both the SSCB and ZSCB suffer greatly. ZSCB operation even
becomes unreliable in a highly inductive network. In a nutshell, in terms of overall performance, the
proposed topology genuinely outshines others.
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Figure 11. Transient responses during current breaking in conventional and proposed topology (All the
voltages have been scaled down to 1/5% of the actual value); (a) current breaking in a conventional topology,
(b) current breaking in the proposed topology

Table 2. Performance comparison

Topology
S.L. Criteria MCB SSCB HCB ZSCB Proposed
1 Current Breaking Time (T ip) 53.16 ms 17.33 ms 32.56 ms * 51.75 ms
2 Regenerated Current (Ig) 0 0 0 0 -109.85 A (Average)
3 Regenerated Energy (Er) 0 0 0 0 11.99 kJ
4 Energy Recovery Efficiency (n) 0 0 0 0 40.3%
5 Provision of Galvanic Isolation Yes No Yes No Yes

*Fails to trip in highly inductive network. Requires higher values for CB parameter

Int J Pow Elec & Dri Syst, Vol. 12, No. 4, December 2021 : 2322 — 2335



Int J Pow Elec & Dri Syst ISSN: 2088-8694 O 2333

5.3. Experimentation

A prototype of the proposed topology was built using Lab volt modules. An Arduino UNO
microcontroller board was used for generating the control signals. A similar DC network as shown in
Figure 3 (b) but with scaled down parameters, was built for the experimental set up with the following
experimental parameters: Vpc=48 V, Ls = 2.6 H, Rs =20.7 Q, R, = 27.3 Q, L = 325 mH, and C =50 pF. The
experimental set up is shown in Figure 12. The coordinated switching signals and the synchronized voltage
and current responses are shown in Figure 13. The current breaking time is measured as 35.58 ms as per
Figure 13 (). It is also found from the experimental results that the peak value of the regenerated current is -
0.3 A with an average value of -0.16 A while the amount of regenerated energy is measured as -0.93 J. The
peak value of the regenerated power is measured as -160.4 W as shown in Figure 13 (b), and yet again, this is
due to the high energy density. The experimental results are found to be fully consistent with the simulation
results.

Figure 12. Experimental set up
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Figure 13. Control signals and synchronized current voltage responses during circuit breaker operation;
(a) control signals and current responses, (b) control signals and voltage and power responses

6. CONCLUSION

This paper discusses the DC circuit breaker technology and exploits the weakness of the
conventional DCCB topologies. One of the common limitations of the existing topologies was found to be
their inefficient current breaking technique. So, a new and efficient current breaking technique along with a
new topology was proposed and validated through simulation and experimentation. The amount of energy
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that can be regenerated totally depends on the current that needs to be broken and the system inductances.
Hence, the highly inductive DC network is going to be a very suitable application area for the proposed
topology as it will ensure efficient current breaking and will conserve energy. However, it was found that the
short time duration of the regenerated current had created a high-power surge due to high energy density. It
might be possible to minimize the power surge by regulating the regenerated current. A high voltage surge
was also generated at the start of the breaker turn off process and regeneration process, and this surge
voltage also needs to be limited to keep it within acceptable equipment ratings. In addition, the energy
recovery efficiency of the proposed model was found to be 40.3%, which is still very low. So, future scopes
are there to extend this study further to resolve issues such as regulating the regenerated current to make it
smoother, keeping the system voltage within an acceptable limit, and increasing the energy recovery
efficiency.
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