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Abstract: This paper introduces groundbreaking research on how to assess the Cable Length Limit
(CLL) to ensure effective protection by Z-source Circuit Breakers (ZCBs) in DC power networks. It
has been revealed that the line parameters of power cables have a significant impact on the cutoff
performance of ZCBs. The question of assessing the CLL has been raised as an unsolved problem.
In this paper, a method of CLL assessment is proposed based on physical models and simulation
tests. To verify the proposed method, two studies were performed to assess the Cable Length
Limits depending on fault levels and power delivery levels, respectively. The ZCB parameters were
specified for a simulation testing system for a 5 MW distribution line feeder. The effectiveness of
ZCB protection was tested in groups of simulation tests with various impacting quantities, i.e., cable
lengths, fault current levels, and power delivery levels. The effective cable lengths for the ZCB to
detect and successfully interrupt a faulty branch in the DC network were assessed and analyzed. The
testing results prove that the CLL decreases along with a decreasing fault current level, as well as an
increasing power delivery level. Based on data analysis, an equation was derived to calculate the
effective length of the ZCB for DC lines, and the equation can be used to generate new CLL curves for
various load-power requirements. This study could increase the reliability of a ZCB’s response to a
fault in DC transmission and distribution lines. It could also help power system designers/operators
to maintain reliable protection with ZCBs in DC power system networks.

Keywords: Cable Length Limit (CLL); DC protection; effective range; Z-source Circuit Breaker (ZCB)

1. Introduction
1.1. DC Network Development and Protection Solutions

Today, more and more renewable energy resources in DC format and High-Voltage
DC (HVDC) transmission and Medium-Voltage DC (MVDC) distribution networks are
forming and being integrated into modern electric power systems. They can provide a
long-term sustainable solution for future energy demands. Traditionally, AC systems were
generally preferred for high-voltage, high-power transmission for long-distance power
delivery due to the affordability of power transformers. However, the advancements in
power electronics technology along with the development of highly efficient AC/DC and
DC/DC converters have significantly increased the attraction of using DC systems. There
is also an increasing demand for a reliable power solution for consumers, which makes
it a challenging task for power utilities to supply quality power with high reliability. A
DC network integrating DC-nature renewable energy sources and distributed generators
could be a viable solution for renewable energy harvesting, local power reliability, and
smart grid automation. A DC microgrid with the advantages of a large power supply
capacity, flexible control, low line losses, easy access to distributed power resources, etc. is
an effective solution for the rapid growth of modern power demands [1,2]. The failure of
DC-line protection can result in a large fault inrush current, which influences the operation
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of the whole grid and may cause damage to electric apparatus and even pose a threat to
human life. Thus, it is essential to ensure the reliability and effectiveness of fault protection
in DC power networks.

For broader applications of DC power systems, reliability issues should be addressed
carefully. Protection, control, and communication are some key issues to be inspected
to provide a reliable power supply. Especially, in fault current protection, the opening
of an arc-based circuit breaker cannot itself extinguish the arc generated in a DC system
due to the lack of a natural zero crossing point [3]. The quenching of such an arc is
the most significant concern since it increases the cost of maintenance and reduces the
lifespan of the breaker [4-6]. A circuit model of a molded-case circuit breaker (MCCB) is
proposed and the interruption phenomenon of the MCCB is analyzed in [7]. The dielectric
recovery strength of a low-voltage MCCB is improved by changing the splitter plate [8].
An auxiliary solid-state switching device, along with a pre-charged commutation capacitor
or a passive network, is used in a traditional solid-state DC breaker to force commutation
in the primary solid-state switching device by reverse biasing [2]. The forced commutation
requires additional circuitry, which makes traditional DC circuit breakers economically
unfeasible. There have been several alternatives proposed to solve the arc problem in
DC-network protection. One solution is to use oversized AC circuit breakers. However,
they are expensive and large in scale [9]. The second option is to use hybrid circuit breakers,
which have increased response times and also have cost constraints [10-15]. The third
alternative is a solid-state circuit breaker, which requires an additional auxiliary forced
commutation circuit that increases the cost and complexity of the circuit [16]. Especially,
the high losses in a purely semiconductor-based breaker make it impracticable for high-
voltage DC applications, in contrast to lower-power DC applications. Alternatively, the
concept of the Z-source Circuit Breaker (ZCB) is introduced to address the arc-quenching
phenomenon for DC networks.

1.2. The State of the Art of Z-Source Circuit Breakers

The Z-source inverter, as initially introduced by F.Z. Peng [17], could interface to
a voltage or current source and utilize the short-circuit state to achieve a voltage boost.
This new topology led to the introduction of a considerable number of “switched Z-
source network” structures applied to power electronics converters [18]. Later, the concept
of the “Z-source” was adopted into the ZCB for the protection of DC networks. The
Z(CB is a thyristor (i.e., silicon controlled rectifier, or SCR)-based power electronic circuit
breaker that can operate autonomously with low maintenance and has the ability to
interrupt fault currents in DC format [1]. The ZCB is a unique form of solid-state circuit
breaker providing fault protection in high-power DC branches. A ZCB operates under
the principle of a resonant circuit along with the automatic-turnoff feature of SCR to
interrupt load-carrying currents at a zero crossing point, functioning at an extremely high
speed [19]. To date, several topologies of ZCBs have been introduced in order to improve
upon the first proposed ZCB topology [2,20-22]. A ZCB can be specified to detect and
interrupt high-impedance faults in DC networks [23,24]. Since most of the time, a ZCB
stays in an “ON" status, its steady-state power loss is critical for system efficiency. The
power-loss conditions of three bidirectional ZCB topologies were compared in [25]. The
study formulized the efficiency of power delivery in ZCBs at rated load conditions as a
cost function and revealed that the Inter-Cross-Connected Bi-directional Z-source Circuit
Breaker (ICC-BZCB) topology, as shown in Figure 1, had low overall power loss compared
to the other two topologies. The topology and formulization of the ICC-BZCB were firstly
studied in [22], based on which the relationship between its steady-state power loss and
configurable tripping time was analyzed in [26], which found that the power delivery
efficiency of the ZCB decreased while the demanded tripping time increased. Therefore,
the ICC-BZCB was applied to the study of its performance with DC distribution lines in
this study.



Electronics 2021, 10, 183

30f13

Z-Source
Breaker (i"
I ;
C2 . line parameters
I — l
I I Fault
L1 l‘l) D> L2 : Ruine  Liine : Branch
Y'Y L g S -
1 Di— W oot
+ 1 | .
L | 1 :
(1 | 1 > |
1 | 1SRy,
v - - I & e 1 I >
s =Co ! Line ==, | y =0 ? RL
| | I
Il I :\ I
. Il | I
1 : 1 1
G T o e ==

Figure 1. Physical models of Inter-Cross-Connected Bi-directional Z-source Circuit Breaker (ICC-BZCB), cable line, load,

fault branch, and their connections.

The ZCB protects the electric component downstream. Typically, the ZCB is placed
close to the to-be-protected device. However, when the fault location is not close to the
Z(CB, the additional impedance of the DC cable might drag the ZCB'’s operation out of
its detectable range and thus cause a failure in fault protection. The protection failure
can cause damage to electric devices within a power system and even the collapse of
the entire power network. Therefore, the Cable Length Limit (CLL) must be assessed to
guarantee the ZCB’s response to a fault in the desired ranges. It helps power engineers to
provide effective protection solutions with ZCBs in DC power networks. Unfortunately,
the influence of power cables on the ZCB’s operation has not been discussed or analyzed
before. Therefore, we performed groundbreaking research on the influence of the Cable
Length Limit on the effectiveness of ZCB protection. This paper reveals and analyzes the
unsolved problem of CLL assessment.

In this paper, a method of CLL assessment is proposed based on physical models and
simulation tests. To verify the proposed method, two studies were performed to assess
the Cable Length Limits depending on fault levels and power delivery levels, respectively.
From the results of the simulation tests, the relationships among the CLL, fault level, and
power delivery level were analyzed. Based on the relationships, the CLL curve for a
certain load condition can be developed to help power engineers to design and specify
the effective protection ranges for ZCBs. In the rest of paper, Section 2 introduces the
specifications of the ZCB, cable line, and simulation system, as well as a demonstration of
the ZCB'’s performance under the line parameter’s influence. After demonstrating proof
for the existence of CLL points, Sections 3 and 4 address the assessment of CLL depending
on fault levels and power delivery levels, respectively.

2. Demonstration of ZCB’s Performance “with” and “without” Line
Parameter Considerations

2.1. Specification of ZCB Parameters

In this section is demonstrated how the cable line affects the ZCB’s cutoff performance
in response to faults. At first, the testing system was configured according to the circuit
connections in Figure 1 and built in the Matlab/Simulink environment. As shown in
Figure 1, the ZCB consisted of three capacitors (Cy, C1, and Cy), two inductors (L; and
L), one SCR (T;), and one diode (D), and the line was represented in an RLC circuit
with a resistor (Ryne), an inductor (Lyine), and a capacitor (Cpine). The testing system had
a load power rating of 5 MW supplied by a source voltage (Vs) of 5 kV and a DC-load
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consisting of a parallel RC connection (Ry,//Cp). The line parameters were obtained using
a realistic numerical value for the line used in [17]. The base fault resistance (R g,ge) for
the assessment here was 5 (), which is the same as the rated load resistance and was used
to calculate the actual value of the fault resistance (R¢ actua1) as in (1).

Rf_Actual = Rf_Base X Rf (p-u.) (1)

Then, the parameters of the ICC-BZCB for fault current detection and interruption
can be determined according to the following steps [22,26]. The ZCB parameters can be
identified according to the boundary condition of a tripping time and other restrictions.
The tripping time (tiipping) of a ZCB is defined as the time period between the initial fault
occurrence and the SCR regaining its forward blocking capability. The SCR current after a
fault occurs (t = 0) is expressed as:

@

. 2CV¢k kV 1 3Ck
iscr(t) = : S ( )t3

I — t SN S
load ~ 53¢, 't actac, \aL T 2cx a0,

where:

iger is the current of SCR in amps;

C is the Z-source capacitance for Cy, C1, and Cy, in farads;
Ijoaq is the load current, in amps;

Cy is the load capacitance, in farads;

k is the minimum detectable fault ramp rate, in O ls L
vs. is the source voltage, in volts;

L is the Z-source inductance for L; and L, in henries;

t is the time after a fault occurs, in seconds.

The minimum detectable fault conductance ramp of a ZCB is defined as:

1 1

k = X
Rffmax ttripping

®)

where:

Rf max is the maximum detectable fault resistance in );
tiripping 1S the desired tripping time, in seconds.

Upon substituting the value of k obtained from (3) into (2) and (4), and by setting
(a) t equals the desired tripping time of the SCR, tyipping, and (b) the SCR current as
zero at tyipping, i-€., isCr (ttripping) = 0, for (2) and (4), the numerical values of Z-source
components can be specified for the specified tripping time.

81
K= ———(2C+3C 4
32C2Rf7maxz ( L) ( )

Finally, the specified inductance value of L should be checked using (5), to ensure that
the preliminary condition of (2) is met.

1
L> —CR{
> 30C ¢ ®)

Table 1 lists the specified ZCB parameters and line parameters when the desired
tripping time (ttripping) is set to 10 ps and the maximum detectable fault resistance (R¢_max)
is 5 ().
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Table 1. Specifications of ZCB and line parameters.

Parameters Value Remarks
Z-Source Breaker Cog=C1=Cy =Cycp 369 uF

Z-Source Capacitors

Components Li=Ly=Lgcp 76.9 uH Z-Source Inductors
Vs 5kV Source Voltage
Source and Load PL 5 MW Load Power
Parameters Ry 50 Load Resistance
CL 20.25 pF Load Capacitance
. r 3.0 x 1072 Q km™! Line Series Resistance
Cable Line 1 Line Series
Parameters 1 1.05 x 103 Hkm™
Inductance
c 11 x 1079 Fkm~! Line Shunt
Capacitance
Fault Branch R¢ Base 50 Fault Resistance Base

2.2. Demonstration of Effects of Cable Length on ZCB’s Performance

According to the circuit connection shown in Figure 1, a simulation testing system
was built in the Matlab/Simulink environment. The ZCB'’s parameters were configured in
the testing system as shown in Table 1. The “I"” model of a power cable was applied to
the cable line in the simulation here, as shown in Figure 1. The line impedance values per
unit length (i.e., “r”, “1”, and in Table 1) were obtained from the realistic parameters
of a DC cable described in [27-29]. A group of simulation tests were performed, and the
Z(CB’s behaviors “with” two different cable lengths (i.e., 65 m and 75 m) were compared
to demonstrate the effects of cable line parameters on the ZCB’s cutoff performance. The
cable length is expressed in Iy j,e. For each cable length, the ZCB was tested under three
fault current levels.

Figure 2 shows the three cases in the operation of ZCB with a load current (I, = 1.0 kA)
pre-fault: Case I has a fault resistance (R = 0.1 p.u.) that causes a short-circuit fault current
of 11 p.u. (equaling 10.0 p.u. from R¢ and 1.0 p.u. from Ry) in total; likewise, Case II
considers a fault resistance (R¢ = 0.5 p.u.) creating a fault current of 3.0 p.u.; finally, Case III
shows a fault condition with R¢ = 1.0 p.u. that causes a fault current of 2.0 p.u.

From the testing results, it is observable that the ZCB independently responded to
a high-level fault current in Cases I and II and neglected the variance in cable length
(regardless of whether it was 65 or 75 m), as shown in Figure 2a. However, for Case III,
the ZCB failed to cut off the fault current when the cable length was extended to 75 m,
although the ZCB still responded with a cable length of 65 m. The difference in the ZCB’s
response in this case is shown in Figure 2b. This test reveals that:

"1
C

(1) The cable length does have an influence on the effectiveness of ZCBs, which can be
observed in Figure 2b.

(2) The fault current level has an impact on the ZCB’s performance. With the same cable
length of 75 m, the ZCB does not turn off at Rf = 1.0 p.u., while it turns off in the other
two cases.

Therefore, the Cable Length Limit must be determined to ensure effective protection
by an ZCB in DC system protection.
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Figure 2. Performance of ZCB under different fault current levels, comparing cable lengths of 65 and 75 m: (a) R¢ = 0.1 p.u.
and Rg=05p.u; (b)Rg=1.0p.u.

2.3. Proposed Method of Cable Length Limit (CLL) Assessment

As shown in Figure 1 for physical models for CLL study, the cable line contributes
three elements that influence the ZCB’s operation:

)

By applying the “I'” model of a power cable, the Ly can be combined into the

L, of the ZCB for the analysis of the ZCB’s operation. According to the numerical
analysis in [22,26], there is a big margin in Ly, and thus, the effect of Ly, on the
ZCB’s behavior is very limited and can be neglected for assessing the CLL.

@)

The Cpne can be considered as an increase in the Cp, at the load side. According to the

numerical analysis in [22,26], the ZCB's operation is sensitive to the Cy, and thus, the
effect of Cpjne must be included in the assessment of the CLL.
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(3) In addition, the Ry e is connected in series in the fault circuit and would attenuate
the resonance of an LC circuit, which contributes to the reverse current for the SCR’s
turning off. Therefore, Ry ine has a negative effect on the ZCB'’s operation and must be
included in the assessment of the CLL too.

In the prior-art methods of ZCB parameter specification [22,26], a third-order equation
can be established by applying the condition of “Cy = C; = C,” and some simplifications.
Unfortunately, when considering the parameters of the power cable, the order of the
to-be-solved equation increases to four orders, at least. It is impossible to perform the
CLL assessment by solving the high-order equation numerically. Therefore, the proposed
method of CLL assessment consists of the following steps:

Step 1: identify the ZCB parameters based on the prior-art methods, without considering
the influence of the power cable.

Step 2: build a model of the physical model (as shown Figure 1) in a simulation tool, e.g.,
the Matlab/Simulink environment applied here. Set the ZCB parameters from Step 1
in the simulation model. Set the cable parameters as a function of the cable length
into the simulation model.

Step 3: perform a number of simulations to check the impact of different quantities on the
ZCB'’s turnoff behavior. The quantities include the cable length, fault resistance (i.e.,
fault levels), and load amount (i.e., power delivery levels).

Step 4: determine the CLL by analyzing the simulation results.

By following these steps, the Cable Length Limits were assessed depending on fault levels
and power delivery levels, to verify the proposed method, as described in Sections 3 and 4,
respectively.

3. Assessing Cable Length Limit Depending on Fault Levels

In this section, how the Cable Length Limit was assessed under different fault levels
is described. This study analyzed the effects of impacting quantities—the cable length and
fault levels—and their interactions. To determine the CLL for a successful tripping in the
ICC-BZCB, multiple groups of simulation tests were performed to observe the ZCB's cutoff
behavior with different cable lengths, in order to identify the CLL at a certain fault level. In
these tests, the fault levels increased from 2.0 p.u. to 11.0 p.u. of the rated current in the
simulation system.

The DC cable information was investigated, and some models and parameters are
listed in Table 2. In this study, based on the ratings of the simulation system, the realistic
parameters for a DC cable described in [27-29] were adopted, as the unit parameters listed
in Table 1 and the entire cable parameters listed in Table 3.

Table 2. Models and ratings of some DC cables.

Model Rated Power Rated Voltage Rated Current

Prysmian Group DC
Power Cables (XLPE,
P-Laser, MI-paper,
and MI-PPL paper)
Phoenix Contact DC
Cables

Amphenol SINE
Systems DC Power 7.8 KW-18 kW 600 V 13A-30 A
Cords

Molex Power Cables 3 kW—-40 kW 600 kV-1.0 kV 5A-40 A

2400 MW-4000 MW 525 kV-800 kV 4.57 kKA-5.6 kA

2 kW-200 kW 600 kV-1.0 kV 2 A-200 A
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Table 3. Summary of identified Cable Length Limits (CLLs) versus fault levels.

R R Cable Actual Line Parameters

f f_Actual s

(in p.u.) (in Q) L(z‘]?{hih‘;‘;t Riine Cline Liine

4 (in mQ)) (in nF) (in mH)

0.10 0.50 485.80 14.55 5.34 0.51
0.20 1.00 375.52 11.25 4.13 0.39
0.50 2.50 200.45 6.00 2.20 0.21
0.80 4.00 115.64 3.45 1.27 0.12
1.00 5.00 70.25 2.10 0.77 0.07

Table 3 lists the testing parameters of the simulation system and the estimated CLL
for each fault level. The actual values of fault resistance, line resistance, line capacitance,
and line inductance were calculated using (1) and (6), respectively, where R¢ pase, 1, 1, and
c were obtained from Table 1. The cable length is expressed in I jne. The estimated CLLs
were measured and recorded from simulation tests by gradually increasing the cable length
from 0 until the ZCB failed to cut off the fault. The ZCB parameters remained unchanged
during the tests. The CLLs under various fault levels are also virtually demonstrated in
Figure 3 for the effective protection of ZCBs at various fault levels.

RLine =rX 1Line
Cline = ¢ X Iiine (6)
LLine =1Ix lLine

600 -
4 Breaker ineffective
5004......¢ zone
A
— A
c 4004 | N
£ A
= 3004 !
- ]
o ‘
010 J S S S ) .
Breaker effective o
100 F—F"{Fone—i— p e I g
0 ¥ i ¥ . f’

0 0.2 0.4 0.6 0.8 1
Reaui (in p.u.)

Figure 3. Summary of Cable Length Limit related to fault current levels.

From the results, it was found that as the fault resistance increased, the Cable Length
Limit for effective protection by the ZCB decreased gradually. Additionally, the breaker
could provide protection for a longer distance in the case of a high-level fault current
(i.e., a low fault resistance), whereas the protective distance was reduced significantly for a
low-level fault current (i.e., a high fault resistance). Therefore, the cable length must be
limited if the power system designer and operator plan to protect the entire line for their
expected fault levels. In addition, similar tables and figures (such as Table 3 and Figure 3)
can be introduced to determine a cable length limit for a specified minimum fault current
to protect DC cables. According to the relationship of CLL with Rg,y; in Figure 3, the CLL
is proportional to the fault current level. Therefore, if the specified minimum fault current
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can be protected against within a certain cable, any higher fault current in that cable can be
protected against as well due to the relatively higher CLLs.

4. Assessing Cable Length Limit Depending on Power Delivery Levels

In this section, how the CLL was further assessed by changing the power delivery
level in the DC cables is described. This study analyzed the effects of impacting quantities—
the cable length and power delivery levels—and their interactions. A DC network has
a constant voltage and supplies multiple DC feeders. These feeders may have different
power delivery levels, depending on their load connections. How the CLL changes with
the power delivery level is still an open question. This study intended to find out how the
CLL would be influenced by its power delivery level and determine the relationship of the
CLL with the power delivery level through mathematics.

4.1. Effective Protection for Various Power Delivery Conditions

Beyond one case study in Section 3, the CLL was assessed here by changing the
power delivery level in the pre-fault condition. The locations of faults in the DC lines
for a successful tripping of the ICC-BZCB were recorded with four cases of load power
pre-fault. In the simulation system, the voltage of the DC supply was fixed at Vs = 5.0 kV,
with load powers of Py, = 75 kW, 100 kW, 500 kW, and 5.0 MW, respectively. A fault
branch consisting of a switch and fault resistance (R¢) was used to emulate the fault in
the system, as shown in Figure 1. Based on the method of parameter specification in
Section 2.1, the ZCB parameters were identified for the four cases as shown in Table 4. The
values of the fault bases for this study are also listed in Table 4. The actual value of fault
resistance (R¢ actua1) Was calculated using (1), and is expressed per unit as Ry in Figure 4.
For each load-power pre-fault condition, the ZCB’s behaviors were recorded and analyzed
at different fault levels.

Table 4. Specification of ZCB parameters and fault bases according to power delivery levels.

Power Delivery Load PSS o
Level (Py) Current (Iy) Co=Cy =Cp=Czcp Ly =Ly =Lzcp RF_pase
75 kW 15 A 5.54 puF 5.13 mH 333.33 Q2
100 kW 20 A 7.38 uF 3.85 mH 250.00 Q2
500 kW 100 A 36.90 pF 0.77 mH 50.00 O
5000 kW 1000 A 369.00 uF 0.07 mH 5.00 O

Vs =5 kV (fixed), R variable —e— P =75kW
—e— P,_=100kW
oK —e— P,=500KkW
30k o —— PL=SMW
. 25kH 400
£ E
£ 20K F s
= 15k
= 0 02 04 06 08 1
10k R, (in p.u.)
5k -
0= = —— —3 :
0 0.2 04 0.6 0.8 1

R¢ (in p.u.)

Figure 4. CLL curves for various load-power requirements.
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From the four groups of simulation tests, four CLL curves were developed for the four
power delivery levels, respectively, as shown in Figure 4. Each CLL curve represents the
CLL points at various fault levels, at a certain power delivery level. Table 5 lists the data of
the identified CLL points and related power delivery levels. By observing the CLL curves
and analyzing the data, conclusions can be drawn as follows:

(@) As the value of R¢ increases under a certain load, the effective protection by the
breaker reduces accordingly. This is the same conclusion as the one from Section 3.
This conclusion does not change with the power delivery level.

(b) For a constant Ry, the breaker is able to respond to the fault at a longer distance in
the case of a lower load-power requirement and vice versa. In other words, a lower
power delivery level leads to a higher CLL. Therefore, for a long-distance, high-power
condition, multi-line power delivery can be a solution for increasing the CLL and
thus maintaining effective protection by ZCBs in DC networks.

Table 5. Summary of identified CLLs versus power delivery levels.

RE Actual Cable Length Limit
(RF ) e)) (CLL, in km)
p-u
75 kW 100 KW 500 kW 5 MW 75 kW 100 kKW 500 kW 5 MW

0.05 16.67 12.50 2.50 0.25 35.67 26.75 5.35 0.54
0.25 83.33 62.50 12.50 1.25 23.80 17.85 3.57 0.36
0.50 166.67 125.00 25.00 2.50 14.54 10.90 2.18 0.22
0.75 250.00 187.50 37.50 3.75 8.67 6.50 1.30 0.13
0.88 291.67 218.75 43.75 4.37 6.53 4.90 0.98 0.10
1.00 333.33 250.00 50.00 5.00 4.67 3.50 0.70 0.07

4.2. Verification and Generation of CLL Curves

By applying the curve-fitting technique to the CLL points in Figure 4, the CLL curves
for a power delivery level could be derived mathematically. To verify the usefulness of the
CLL curves, six simulation tests were performed by adding a short DC line (with a length
of 10 km) between the ICC-BZCB model and the load of 75 kW in Matlab/Simulink. From
the CLL curve for 75 kW, it can be observed that the threshold for the 10 km cable line limit
is 0.67 x Ry in p.u. The responsiveness and waveforms of the ICC-BZCB for six different
values of R¢ were simulated. It can be clearly observed in Figure 5 that the ZCB responded
to all the faults with a fault resistance equal to or less than the threshold, e.g., 0.05 x R¢
(p-u.), 0.25 x R¢ (p.u.), and 0.5 x R¢ (p.u.), whereas the breaker lost its responsiveness
when the magnitude of Ry increased beyond that threshold. Therefore, the derived CLL
curves are valid for specifying the cable line limits under a certain load condition and with
a specified minimum fault current for cutoff.

When one CLL curve has been developed and tested, the CLL curves for other condi-
tions can be derived based on the existing one. By performing numerical analysis on the
data of the CLL assessments in Sections 3 and 4, it was found that a new CLL curve could
be developed according to (7):

p
CLLNew = Pbiase X CLLpase @)

New

In (7), CLLp4¢e and Py ¢ are the existing CLL point and its related power delivery level,
respectively, and CLLpew and Pneyw are the new CLL point and its related power delivery
level, respectively. When the effective length of the ZCB is measured and calculated for the
base condition, all the other effective length curves can be generated conveniently with (7).
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Figure 5. A simulation study of the ICC-BZCB’s effectiveness with various R values, with a 10 km line.

5. Conclusions

In this paper, we performed groundbreaking research on how the effectiveness of
ZCB protection is influenced by the CLL. A method of CLL assessment is proposed based
on physical models and simulation tests. To verify the proposed method, two studies
were performed to assess the Cable Length Limits depending on fault levels and power
delivery levels, respectively. The Cable Length Limit was assessed and determined to
guarantee reliable DC-line protection by the ZCB. The relationships of the CLL with the
fault level and power delivery level prove that (a) the Cable Length Limit decreases along
with a decreasing fault current level, and (b) the Cable Length Limit decreases along with
an increasing power delivery level. Therefore, the cable length must be limited within a
certain range to ensure the ZCB’s turnoff behavior at a target fault level. Additionally, for
the long-distance protection of the cable line, the effective protection range of ZCBs can be
extended by applying the multi-line power delivery approach.

Based on the relationships shown by the CLL curves, an equation for calculating the
effective length of a ZCB for DC lines was derived and can be used to generate new CLL
curves for various load-power requirements. The derived CLL curves can be used by
power system designers/operators to maintain reliable protection with ZCBs in DC power
system networks.
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