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Abstract—With the increasing penetration of renewa-

bles, low voltage (LV) distribution networks face rising 

demands to accommodate an increasing range of renew-

able energies. Low voltage direct current (LVDC) distri-

bution networks are considered as a viable approach to 

alleviate the strain on existing distribution networks. 

Nonetheless, establishing reliable and selective protection 

solutions is recognized as crucial challenges to facilitate 

the wide adoption of LVDC. Several existing protection 

algorithms focus on significant fault currents, fixed 

threshold settings, and high sampling frequency to estab-

lish effective coordination. However, these approaches are 

either constrained in low fault current scenarios or re-

quire expensive data acquisition techniques. To address 

such issues, this paper develops a novel self-adjusting 

based protection scheme. The method only utilizes the 

inherent post-transient voltage derivative (PTVD) sign 

and value with a self-adjusting mechanism to distinguish 

faults. The proposed method overcomes the selectivity 

limitations of existing voltage-based solutions when a 

lower sampling frequency is employed. The effectiveness 

is validated on an LVDC test network constructed in 

PSCAD/EMTDC and an RT-Box-based hardware test 

bed. Results under injected noise signals further demon-

strate the robustness of the proposed method. 

Index Terms—LVDC, fault protection, smart trans-

former, post-transient voltage derivative, self-adjusting. 

 

Ⅰ.   INTRODUCTION 

he shift towards low voltage direct current (LVDC) 

networks is mainly driven by the growing strain on 

existing LV networks, advancements in power electronics, 

 
_____________________________________ 

Received: December 15, 2024 

Accepted: July 30, 2025 

Published Online: November 1, 2025 

Dong Wang and Pengfei Hu (corresponding author) are with 

the School of Electrical Engineering, Zhejiang University, 

Hangzhou 310027, China (e-mail: d.wang@zju.edu.cn; 

hpf@zju.edu.cn).  

Yu Cao is with State Grid Zhejiang Electric Power Co., Ltd. 

Hangzhou Power Supply Company, Hangzhou 310050, China 

(email: caoyu5@hz.zj.sgcc.com.cn). 

Mazheruddin Syed is with WSP, Glasgow G1 3BX, UK 

(e-mail: mazher.syed@wsp.com). 

DOI: 10.23919/PCMP.2024.000221 

the increasing prevalence of LVDC-based devices, and 

the demonstrated benefits of LVDC adoption [1]. Ex-

isting low voltage (LV) distribution networks are al-

ready facing challenges in accommodating the in-

creasing presence of low carbon technologies, including 

heat pumps, micro wind, and solar generation. With the 

promotion of the net-zero concept throughout the world, 

especially in China, targets have been set to reach a 

carbon peak before year 2030 and carbon neutral by 

2060 [2]. A high penetration of renewables and low 

carbon technologies is an effective means of facilitating 

carbon reduction. However, their integration poses 

significant challenges for existing LV networks in ac-

commodating the growing electricity demand. 

The adoption of smart LVDC distribution, particu-
larly the photovoltaics-energy storage-direct cur-

rent-flexibility (PEDF) system, has been widely recog-

nized by industrial and research communities as a 

promising solution. This approach aims to alleviate 
pressure on existing LV networks, enhance their hosting 

capacity, and support the development of new infra-

structure to meet the growing electricity demand from 

transportation and heating [2]. Numerous trials con-

ducted worldwide, including in Finland, Germany, and 
China, have demonstrated significant benefits such as 

energy savings, improved controllability, and enhanced 

flexibility [3]. A key challenge identified by both re-

search and industrial groups is the need for reliable, 
cost-effective DC protection solutions that ensure ro-

bust operation and high level of fault discrimination [4]. 

Advanced solid-state transformers (SSTs) have 

emerged as potential alternatives to traditional trans-

formers in the transition from medium voltage (MV) to 
LV systems [5]. SSTs bring additional capabilities and 

controllability, and can provide both LVAC and LVDC 

supplies. From a protection perspective, SSTs typically 

produce lower fault currents than traditional trans-
formers, potentially allowing the use of lower rating 

equipment [6]. However, the reduced fault currents may 

compromise the coordination of existing overcurrent 

protection solutions [7]. Moreover, employing over-
current protection for its isolate may lead to unneces-
sary power outages. 

In terms of the protection mechanisms, the DC fault 

transient current derivative (TCD) is highly sensitive to 

T 
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fault resistance following a transient, which may lead to 

maloperation when distinguishing between a nearby 

solid fault and a remote high-resistance feeder fault. 

Therefore, highly reliable and selective protection solu-

tions are required. Numerous methods have been pro-

posed that use transient voltage derivatives (TVD) as an 

alternative for DC fault detection, especially in HVDC 

and microgrid applications [8]. Nevertheless, these tran-

sient voltage behaviors are very sensitive to fault re-

sistance when the sampling frequency is insufficient [9]. 

However, high sampling frequency devices increase cost 

in large-scale LVDC distribution networks, while lower 

sampling frequencies complicate protection threshold 

settings and may lead to coordination failures [10]. 
To address the challenges, this paper introduces an 

innovative self-adjusting post-transient voltage deriva-

tive (PTVD)-based protection scheme. In contrast to 

existing voltage and current based protection methods, 

the proposed scheme relies solely on PTVD character-
istics following a transient voltage drop, rather than on 

the transient voltage drop and its surge derivatives. 

Additionally, the relays operate based on local DC 

voltage measurements using a self-adjusting mecha-
nism, instead of fixed protection thresholds.  

The rest of the paper is organized as follows. Section Ⅱ 

outlines the primary challenges and constraints associated 

with existing LVDC protection solutions. Section Ⅲ de-

scribes the principles underlying the self-adjusting 
PTVD-based protection mechanism, while Section Ⅳ pre-

sents simulation and hardware-based validations. Finally, 

Section Ⅴ provides the conclusions drawn from the study. 

Ⅱ.   LVDC PROTECTION CHALLENGES AND 

LIMITATIONS OF EXISTING PROTECTION SOLUTIONS 

A. Protection Challenges in SST Based LVDC Systems 

The introduction of SSTs brings unique characteris-
tics in DC faults that can influence current protection 

solutions. For instance, the active fault management 

capability of SSTs alleviates thermal stress on diodes, 

allowing the utilization of lower rating converters to 
ride through fault current endurance. However, this 

capability also extends the time required for overcurrent 

protection to distinguish faults in typical LVDC net-

works interfaced by two-level VSCs, thereby influenc-

ing protection selectivity [11]. 
The challenges in protecting SST-interfaced LVDC 

distribution networks extend beyond lower fault cur-
rents to include coordination among protection relays. 
For example, SSTs provide both AC and DC power 
outputs. In existing LVDC distribution networks, the 
fault current contribution from the main converter can 
be interrupted using overcurrent protection, without 
considering network interactions. In contrast, in 
SST-interfaced LVDC systems, blocking the SST may 
cause unnecessary power outages on both LVAC and 
MVDC sides.  

Presently, LVDC protection mechanisms are primar-
ily focused on two-level VSC-based LVDC distribution 
networks [12]. The development of protection algo-
rithms for SSTs is still in the early stages due to the 
perceived simplicity of widely used two-level VSCs. 
Nonetheless, the increasing adoption of SSTs creates a 
demand for protection solutions with higher selectivity 
and reliability. Given the limited fault current contribu-
tion of SSTs compared with two-level VSCs, volt-
age-based protection solutions are considered a viable 
alternative for SST-interfaced LVDC systems. 

B. Limitations of Existing Protection Algorithms 

Studies in [9], [13], and [14] advocate for leveraging 
transient voltage characteristics for the protection of 
HVDC systems. For LVDC protection, a method based 
on current derivatives is proposed in [15], while the 
research outlined in [16] employs the current profile and 
communication links between line segment ends for 
faults discrimination. Furthermore, a novel protection 
technique utilizing transient functions for DC fault de-
tection is introduced in [17], and an improved commu-
nication-based protection method is suggested in [18]. 

Advanced TVD-based solutions in HVDC applica-
tions primarily target MMC-based systems and rely on 
DC reactors, which are typically large due to their pri-
mary role in limiting fault currents [19]. However, large 
inductors at each LVDC feeder can lead to significant 
power loss and potentially impact system stability (e.g., 
100 mH) [20]. On the other hand, MMCs are not typi-
cally used in LVDC systems due to their complexity and 
high cost. Additionally, the DC terminal configuration of 
MMCs differs from that of SSTs, as MMCs incorporate 
arm inductors throughout the fault path. Consequently, 
voltage features and their associated protection methods 
developed for MMC-based applications are not applica-
ble to SST-interfaced LVDC distribution networks. 

Existing derivative-based protection algorithms may 
be effective in identifying LVDC faults when using 
high sampling frequencies. However, the high costs 
associated with high-frequency sampling devices pose 
challenges in LVDC distribution networks. Utilizing 
metrology devices with lower sampling frequencies can 
reduce costs but introduces challenges in setting pro-
tection thresholds and fault discrimination for protec-
tion devices [21], [22]. For instance, Fig. 1 illustrates 
voltage derivatives with varying sampling frequencies 
for a fault located at the remote end. As seen, when the 
sampling frequency is reduced to 10 kHz, the transient 
voltage derivative for a fault located near the protection 
boundary falls below the fixed protection threshold for a 
fault resistance exceeding 0.23 Ω. This can lead to 
protection blinding and loss of protection coordination, 
highlighting the need for enhanced protection mecha-
nisms tailored to LVDC distribution networks. 

This issue can occur in derivative-based protection 
methods that compare surge derivatives of transient volt-
age drops against fixed protection thresholds, particularly 
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when the sampling frequency is low. To address these 
challenges, this paper proposes a novel self-adjusting 
PTVD-based protection scheme that relies solely on 
post-transient voltage behaviors following a transient 
voltage drop. The scheme employs self-adjusting 
thresholds, which are automatically adjusted by relays 
according to different fault scenarios.  

 

Fig. 1.  Voltage derivatives with different sampling frequency. 

Ⅲ.   PROTECTING SST INTERFACED LVDC 

DISTRIBUTION NETWORKS USING SELF-ADJUSTING 

PTVD BASED MECHANISM 

This section introduces the mechanism of the pro-
posed protection algorithm. A simplified circuit of 
SST-interfaced LVDC systems is depicted in Fig. 2. 
Since DC protection mainly focuses on the capacitor 
discharge stage, fault detection and coordination should 
be accomplished before the diode freewheeling stage. 
During the capacitor discharge stage, the converter can 

be simplified as a capacitor (C) with cable resistance (R) 
and inductance (L) in the fault path. The converter ca-
pacitor predominantly determines the system’s capaci-
tive behavior, since the cable capacitance (e.g., 12.1 
nF/km [23]) is much smaller than the converter capac-
itance (e.g., 12 mF [24]). For simplicity, the cable is 
represented as an R-L series circuit, which can effec-
tively reflect the cable’s impact on LVDC transient 
responses [25], [26]. 

Each protection device includes a protection relay, a 
solid-state circuit breaker, and an assistive inductor. 

Taking the protection relay a1R  as an example, it oper-

ates if faults are located between relays a1R  and a2R  or 

on the upstream bus (i.e., Bus1). Faults F1, F2, and F3 

are defined as downstream faults of relay 
a1R ,  while 

faults F4 and F5 are defined as upstream faults of relay 
Ra1, as depicted in Fig. 2. The following description is 

based on the protection relay a1R .  The diagram of the 

protection algorithm is illustrated in Fig. 3 and is de-
scribed in details as follows.  

 
Fig. 2.  A simplified circuit of SST-interfaced LVDC systems. 

 
Fig. 3.  Diagram of the self-adjusting PTVD-based algorithm. 
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A. Detection of LVDC Faults  

The LVDC distribution network is considered to be 

under a fault condition if the voltage drops below 90% of 

the system nominal voltage ( nU ), as depicted in Fig. 3. 

At present, no specific global regulations exist to govern 

DC voltage fluctuation in large-scale public LVDC 

distribution networks. Therefore, the threshold is se-

lected based on the guidance from IEC60092-101, 

which primarily addresses DC distribution systems in 

marine application. 

B. Protection Selectivity Based on Self-adjusting PTVD 

1) Downstream Fault Discrimination 

Under normal conditions, the voltage of relay Ra1 ( aU ) 

is the nominal voltage ( nU ) and can be defined as:  

t a a

d

d

I
U U L

t
                              (1) 

where tU  is the SST terminal voltage before relay Ra1; 

aU  is the voltage after relay a1R ; aL  is the assistive 

inductor of relay a1R ; and I is the current flowing 

through relay a1R . Based on the LVDC fault charac-

teristics [27], SST terminal voltage and current deriva-
tives can be expressed respectively as: 
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where 0U  is the initial voltage across the SST capacitor, 

definitions of 1,2s ,   and 0  are expressed in (4) using 

resistance R , inductance L , and capacitance C  in the 

fault circuit. Substituting (2) and (3) into (1) yields the 

voltage of a1R  as shown in (5). Substituting 0t   and 

(4) into (5), the transient voltage of a1R  can be derived 

as (6). 
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Following a fault, the transient voltage of 
a1R  imme-

diately drops to a value that is related to the nominal 

voltage, the ratio of the assistive inductor, and the in-

ductor of the fault path. In theory, the voltage derivative 

is infinite. However, by using relatively high-fidelity DC 

transducers, such as those operating at 200 kHz [13], the 

transient voltage can be captured with an accuracy close 

to that described in (6). However, the adoption of such 

high-resolution DC measurement solutions in 

large-scale LVDC distribution networks leads to high 

cost and large size [10]. However, although using lower 

sampling frequency transducers reduces costs, the actual 

transient information may be missed, leading to protec-

tion selectivity issues. For example, Fig. 4 shows the 

voltage at a 20 kHz sampling frequency within the sim-

plified circuit in Fig. 2, which is much lower than the 

original sampling frequency used in voltage deriva-

tive-based methods [13]. It can be seen that for a remote 

end fault (F1) with 0.45 Ω fault resistance, the value of 

TVD (i.e., dU/dt (0.4 Ω) labelled in Fig. 4) is almost 

equal to the TVD dU/dt threshold, whereas a higher fault 

resistance (i.e., ＞0.45 Ω) may cause protection failure.  

 

Fig. 4. Voltage and its derivatives with 20 kHz sampling fre-

quency. 

To address the issue, PTVD after a transient voltage 

drop offers a potential solution for effectively distin-

guishing resistive faults at lower sampling frequencies. 

Its mathematical properties can be derived as follows. 

Taking the derivation on both sides of (5), the PTVD of 

relay a1R  is expressed as (7), where the subscript “PT” 

denotes “post-transient”. Setting t  0 in (7), the PTVD 

of relay a1R  can be obtained in (8). After the transient 

voltage drop, the voltage of relay a1R  is positive, with 

its value determined by the nominal voltage, assistive 

inductance, and cable impedance within the fault path. 
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The performance of the post-transient voltage de-

scribed in Fig. 4 verifies that the PTVD magnitude 

increases with the increase of fault resistance, indicating 

a direct correlation between fault resistance and PTVD. 

This behavior contrasts with the conventional under-

standing of DC voltage fault characteristics, where the 

magnitude of the transient voltage derivative is ex-

pected to decrease and attenuate as the fault resistance 

increases. In addition, by differentiating both sides of 

(7), the secondary voltage derivative can be expressed 

in (9). By substituting (4) and t=0 into (9), equation (10) 

is obtained, which is negative, indicating that the volt-

age derivative decreases after the fault occurs.  
2
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Furthermore, to determine the boundary at which the 

voltage derivative begins to decrease, the time (e.g., 1t ) 

to reach the maximum voltage is expressed in (11), 

obtained by setting (7) to 0. Also, by setting (9) to 0, the 

time (i.e., 2t ) at which the voltage derivative changes 

sign is expressed in (12). Comparing (11) and (12), the 

time when the maximum voltage is reached is smaller 

than the time when the secondary voltage derivative 

changes sign. This indicates that PTVD decreases 

monotonically before reaching the maximum voltage 

after the fault transient. 
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This characteristic is demonstrated by the simulated 

voltage profiles shown in Fig. 4, where 1K  and 2K  

represent the slopes of the F1 fault voltage profile. Since 

2K  is smaller than 1K , the above mathematical deriva-

tion is validated. Based on this analysis and the voltage 
characteristics in Fig. 4, the relative profiles of down-
stream faults can be summarized in Table I. 

TABLE I  

PTVD FEATURES OF DOWNSTREAM FAULTS OF RELAY 
a1R  

Faults sign 
PT

d

d

U

t

 
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F1  decreasing 

F2  decreasing 

F3  increasing 

Therefore, these characteristics can be used to dis-
tinguish downstream faults as illustrated in Fig. 3 and 
(13). After a fault is detected at time t, the relay delays 

sample time t and 2 t , and records PTVD 
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, where t  depends on 

the sample time/sampling frequency. If the captured 

( )

d

d t t

U

t 

 
 
 

is bigger than

( 2 )

d

d t t

U

t  

 
 
 

, and both cap-

tured voltage derivatives exhibit positive signs, it indi-
cates that the fault is in the downstream protected zone, 
shown as: 
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The value of 

( 2 )

d

d t t

U
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 
 
 

 can be regarded as a pro-

tection threshold that dynamically self-adjusts through 

protection relays and sample times under different fault 

scenarios. This is based on the inherent LVDC PTVD 

features with an assistive inductor. In contrast to exist-

ing TVD-based methods, the proposed method elimi-

nates the need for fixed thresholds to differentiate be-

tween different faults.  

2) Upstream Fault Discrimination 

When a resistive fault happens at the SST terminal 

(i.e., F4), the current flows from SST capacitor can be 

expressed as: 

Bus1 Bus1

d

d

tU
I C

t
                          (14) 

In this case, a resistor-capacitor (R-C) circuit is es-

tablished, where Bus1I  is the current flowing out of SST 

capacitor, as shown in Fig. 2, Bus1C is the SST capacitor, 

and tU  is the SST terminal voltage. The decreasing 

current of Bus1I  results in an increase in the voltage 

derivative of Bus1, and the voltage of a1R  is similar to 

the terminal voltage. Under the F5 fault condition, when 
the upstream fault F5 happens, the current increases, 
and based on (14), voltage derivative of Bus1 decreases. 
This feature can be used to discriminate upstream faults 
as presented in Fig. 3. The characteristics are summa-
rized in Table II. 

TABLE II  

PTVD FEATURES OF UPSTREAM FAULTS OF RELAY 
a1R  

 sign 
PT

d

d

U

t

 
 
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F4  decreasing 

F5  increasing 

Regarding the upstream fault protection mechanism, 

after the fault is detected at time t, the protection relay 
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captures PTVD 
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with a negative sign, the fault is considered to be within 

the upstream protected region. Comparing the PTVDs 

of downstream and upstream faults, the PTVDs of relay 

a1R  under faults F2 and F4 are similar, both being 

negative with decreasing 

PT

d

d

U

t

 
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 

. This may result in 

protection maloperation. To address this issue, the 

Trip_Reset signal is introduced, generated from the 

adjacent relays connected to the same terminal (e.g., 

relay c1R  which is adjacent to relay a1R ). 

Under the fault F2 condition, the voltage character-

istics of relay c1R  are similar to the terminal voltage 

Bus1U behavior described in (2), since the impedance 

between Rc1 and the terminal is relatively small. By 

taking the derivatives of both sides, equations (15) and 

(16) can be obtained. Once the fault is initiated (t  0), 

the terminal voltage derivative is 0, and the relative 

secondary derivative of the terminal voltage is negative, 

indicating that the terminal voltage derivative decreases 

under the F2 fault condition. This information can be 

used to allow relay a1R  to distinguish between F2 fault 

and F4 fault. 
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In addition, for high resistive faults located out of the 

upstream protected region (i.e., F5), relay a1R  detects 

similar voltage derivative behavior to the upstream 

terminal fault (i.e., F4), as illustrated in Fig. 5. As the 

fault resistances of F4 and F5 increase, their voltage 

characteristics become similar, which may lead to 

maloperation when the fault is identified outside the 

upstream protected region.  

In this case, a trip reset signal is sent by the adjacent 

relay Rc1 to relay a1R  to internally reset the trip signal, 

which is generated when the captured PTVD of relay 

c1R  is positive (regarding to fault F5 condition) or when 

the PTVD of relay c1R  decreases with a negative sign 

(with respect to the fault F2 condition). The formulas 

for upstream fault discrimination can be expressed in 

(17) and (18), where adU  is the voltage signal captured 

by the adjacent relay, and the Trip_reset (TR) signal 

(only 0 or 1) is generated locally by the adjacent relays 

connected to the same terminal. Using the Trip_reset 

signal, relay 
a1R can distinguish the upstream and 

downstream internal and external faults.  

 

Fig. 5.  Upstream faults (F4 and F5) of relay 
a1R . 

In contrast to the existing TVD-based protection 

method, the proposed self-adjusting protection scheme 

relies exclusively on PTVD. This approach not only 

eliminates the need for threshold settings and current 

signals to indicate fault directions, but also demon-

strates enhanced fault discrimination capabilities 

against both downstream and upstream resistive faults. 
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(18) 

3) SST Self-protection and Coordination Mechanism 

On SST protection, the proposed protection algo-

rithm can be integrated into SST to discriminate be-

tween faults at the SST terminal and those at the start of 

outgoing feeders. SST terminal voltage can be described 

in (2), and the protection scheme of (17) and (18) can be 

applied. After detecting a fault condition, the voltage 

derivatives are compared. If the captured 

( )

d

d t t

U

t 

 
 
 

 

is smaller than 

( 2 )

d

d t t

U

t  

 
 
 

 and the sign is negative, 

the fault is identified to be at the main SST terminal; 

otherwise, it is located at downstream feeders. In addi-
tion, reset signals are received from the relays at the 

start of the outgoing feeders. Based on these two sce-

narios, the SST provides two main functionalities. For 

faults detected outside the SST terminal, it limits the 
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fault currents to ensure resilient and secure operation of 

downstream breakers. In addition, if the fault is identi-

fied in the main terminal, the SST interrupts the current 

feeding into the LVDC distribution networks. 

Ⅳ.   VALIDATION OF THE PTVD BASED PROTECTION 

METHOD 

The effectiveness of the proposed protection algo-

rithm is validated via PSCAD/EMTDC simulation 

studies and hardware-in-the-loop (HIL) tests based on 

RT-Box. A detailed LVDC test network is built in 

PSCAD/EMTDC. The subsequent sections outline the 

test network model and simulation studies under various 

fault scenarios. 

A. Modelling of the LVDC Test Network 

The test network is modeled as illustrated in Fig. 6, 

which incorporates a two-stage SST to interface the 

LVDC system with an 11 kV AC grid. At the DC point 

of common coupling (PCC), the SST provides a 

pole-to-pole voltage of 1.5 kV. The AC input is simu-

lated as a voltage source with a resistor-inductor (R-L) 

configuration. Cables are represented using an equiva-

lent R-L circuit, and each feeder is 500 m in length. The 

relevant parameters are detailed in Table Ⅲ. 

 

Fig. 6.  A representative test distribution network. 

TABLE Ⅲ  

LVDC MODEL DETAILS [24] 

Key item Value 

AC grid (kV) 11 

Fault level (MVA) 156  

SST rating (MVA) 1 

MVDC supply (kV) 20 

LVDC supply (kV) 1.5 

Cables detail 0.164 Ω/km, 0.24 mH/km 

customer rating (kW) 200 

Assistive inductors (mH) 0.12 

The SST’s AC/DC VSC operates in VDC-Q 

(20 kV  0 kvar) control mode. During fault conditions, 

the SST employs a current-based phase-shift control to 

limit the steady-state fault current [28]. Based on the 

protection scheme, the converter can terminate the fault 

current by deactivating the power electronic switches. 

B. Modelling of the PTVD based Protection Algorithm 

The protection algorithm, illustrated in Fig. 3, is 

modeled as depicted in Fig. 7. The relays capture only 

local voltage measurements, which are utilized in fault 

detection, fault discrimination, and in generating trip 

signals for the relevant breakers and reset signals for 

upstream adjacent relays under fault conditions. Sim-

plified DC circuit breakers, with a 0.5 ms isolation time, 

are modeled [29] to clear faults. To ensure the accuracy 

and reliability of the proposed protection scheme, an 

authentic noise signal is obtained from a laboratory DC 

current transducer and incorporated into the measured 

current signals during case studies. Research in [30] 

suggests that optimizing the sampling frequency and 

employing a low-pass filter are effective in mitigating 

the impact of noise on DC current and voltage signals. 

Consequently, a conventional moving average filter 

with a 1 ms window is applied in the PSCAD model. 

Additionally, a sampling frequency of 20 kHz is em-

ployed during the simulation studies to eliminate the 

noise impact, which is about 40 dB on voltage deriva-

tives, as well as testing the effectiveness of the proposed 

scheme at a low sampling frequency. Furthermore, 

since relays are typically installed only a few meters 

apart on the same bus [31], the resulting communication 

delay is negligible, especially considering the protection 

system’s 20 kHz sampling rate. 

 

Fig. 7.  Model of the PTVD based protection scheme. 

C. Testing of the Proposed Protection Scheme 

The following part validates the performance of the 

proposed self-adjusting PTVD-based protection scheme 

using downstream and upstream fault scenarios (i.e., F1, 

F2, F4, and F5) applied at 0.3 s. 

1) Downstream Fault Discrimination Capabilities 

When the F1 fault happens, relays a1R  and a2R  

monitor the transient voltage drops as shown in Fig. 8. 
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When they fall below 90% of 
nU , the fault is detected. 

Then, the held voltage derivatives are shown in Fig. 9, 

indicating the captured PTVD 

( )

d

d t t

U

t 

 
 
 

 by relay Ra1 

is bigger than 

( 2 )

d

d t t

U

t  

 
 
 

. Thus, the fault is identified 

as in its downstream protected zone as explained in (13), 
and trip signals are sent to the associated breakers. Re-

lay a2R  locates the F1 fault and also generates a trip 

signal, so the fault current is interrupted as illustrated in 
Fig. 10. The F1 fault is cleared, and the PCC voltage is 
recovered to the nominal voltage within 2 ms as shown 
in Fig. 8.  

Regarding the F2 fault, the captured PTVD 

( )

d

d t t

U

t 

 
 
 

 by relay a1R  is smaller than 

( 2 )

d

d t t

U

t  

 
 
 

, 

as shown in Fig. 11, which aligns with the feature pre-
sented in Table I. Meanwhile, a reset signal is generated 

by relay c1R , whose captured 

( )

d

d t t

U

t 

 
 
 

 is larger 

than 

( 2 )

d

d t t

U

t  

 
 
 

with a negative sign as illustrated in 

Fig. 12. That aligns with the profile presented in (15) 
and (16). With the implementation of the protection 
mechanism presented in (17) and (18), the F2 fault is 

recognized as an external fault by relay a1R , and no trip 

signal is generated by relay Ra1. The performance of 

relay a1R  under the F1 and F2 fault conditions demon-

strates the effectiveness of the proposed protection 
mechanism in distinguishing downstream faults. 

 

Fig. 8.  Voltage of PCC, 
a1R , and Ra2 under F1 fault condition. 

 

Fig. 9.  PTVD of 
a1R  under F1 fault condition. 

 

Fig. 10.  Current of PCC and relay 
a1R . 

 

Fig. 11.  PTVD of 
a1R  under F2 fault condition. 

 
Fig. 12.  PTVD of 

c1R  under F2 fault condition. 

2) Upstream Fault Discrimination Capabilities 

For the upstream fault scenarios, F4 and F5 faults 

with 0.01 Ω are applied. Once the F4 fault occurs at 0.3 

s, relay a1R  detects the fault condition once the voltage 

drops below 90% of its nominal value, with the captured 

PTVD 

( )

d

d t t

U

t 

 
 
 

 being smaller than 

( 2 )

d

d t t

U

t  

 
 
 

 

and carrying a negative sign, as shown in Fig. 13. Relay 

c1R  exhibits a similar voltage profile, and therefore, it 

does not issue a reset signal to relay a1R . Consequently, 

relay a1R  sends a trip signal to its connected circuit 

breaker. Since the fault is located at the main busbar, the 

SST’s DAB converter blocks itself to stop feeding grid 

current to the LVDC distribution network, as shown in 

Fig. 14.  

In the event of an upstream external fault, e.g., F5, 

relay a1R detects the fault condition when the voltage 

drops below 90% of the nominal voltage. It monitors 

and compares PTVD at time tt  to that at time 
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tt  2 , as depicted in Fig. 15, which exhibit a higher 

negative value than 

( 2 )

d

d t t

U

t  

 
 
 

. Thus, relay a1R  

recognizes that the fault F5 is outside the protected 

region, and no trip signal is generated. 

 

Fig. 13.  PTVD of 
a1R  under F4 fault condition. 

 

Fig. 14.  Current of PCC and 
a1R  under F4 fault condition. 

 

Fig. 15.  PTVD of 
a1R  under F5 fault condition. 

For relay c1R  under the F5 fault condition, the cap-

tured 

( )

d

d t t

U

t 

 
 
 

 is larger than 

( 2 )

d

d t t

U

t  

 
 
 

 with a 

positive sign as shown in Fig. 16. Therefore, fault F5 is 
located within its downstream protected region and is 

cleared by relays c1R  and c2R , and the grid is subse-

quently recovered as shown Fig. 17. 
Additionally, in the case of high resistive upstream 

external fault, relay a1R  may generate a trip signal, as 

demonstrated in Fig. 5. However, because the fault is 

first located within the protected region of relay c1R , 

relay c1R  sends a reset signal within 0.1 ms to relay 

a1R  to prevent its maloperation.  

 

Fig. 16.  PTVD of 
c1R  under F5 fault condition. 

 

Fig. 17.  Voltage of PCC, 
c1R , and 

c2R  under F5 fault condition. 

D. Resistive Fault Discrimination Capability 

Regarding high-resistance fault discrimination capa-

bility, the proposed protection mechanism relies on the 

shape of PTVD rather than the transient voltage 

surge-induced derivatives, as shown in (17) and (18). 

PTVD with a self-adjusting threshold at various sam-

pling frequencies is illustrated in Fig. 18. 

 

Fig. 18.  Self-adjusting thresholds with sampling frequency. 

With the assistive inductor in the circuit (i.e., 

0.12 mH), the voltage derivatives during remote end faults 

consistently exceed the self-adjusting thresholds, thereby 

preventing any protection failures. Compared to the 

performance of the existing voltage derivative-based 

methods demonstrated in Fig. 1, the proposed technique 

can accommodate fault resistances ranging from solid to 

1 Ω at a lower sampling frequency of 10 kHz when a 

0.12 mH assistive inductor is employed. Increasing the 
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assistive inductor from 0.12 mH to 3 mH extends the 

protection boundary for fault discrimination, allowing 

the proposed method to tolerate fault resistances of up to 

33 Ω, as illustrated in Fig. 19. This range is approxi-

mately four times larger than that of existing 

TVD-based methods. 

 

Fig. 19.  Comparison of fault resistance tolerance.  

E. Selectivity under Various Network Conditions 

Regarding protection selectivity under varying net-

work conditions, the analysis considers key factors such 

as grounding methods, network topologies, and cable 

lengths. The impact of these variables on the reliability 

and accuracy of the proposed protection scheme is 

thoroughly evaluated. Specifically, the interaction be-

tween grounding methods and fault current pathways is 

examined to ensure effective fault isolation. Variations 

in network topologies, such as radial and ring configu-

rations, are considered to assess how the scheme adapts 

to complex system architectures. Additionally, differ-

ences in cable lengths are analyzed to determine their 

influence on fault behaviour and detection accuracy. 

This comprehensive discussion highlights the robust-

ness of the proposed protection mechanism in main-

taining selectivity across diverse operating scenarios. 

1) Grounding Methods 
There are several ground strategies available for DC 

systems, including ungrounded, unipolar solidly 

grounded, bipolar solidly grounded, and unipolar diode 

grounded configurations [32]. The simulation results 

presented in the above section primarily focus on 

pole-to-pole faults in an IT system where the neutral 

point is either ungrounded or grounded through a large 

resistance [33]. However, pole-to-ground faults in the 

IT system depend on its grounding point and have not 

been considered in the proposed method. 

In this section, unipolar solidly grounded and bipolar 

solidly grounded strategies are discussed. For the uni-

polar solidly grounded strategy, the simplified circuit is 

shown in Fig. 20. Under pole-to-pole fault conditions, 

the pole-to-pole voltage aU  is similar to that in an un-

grounded system shown in Fig. 8. However, the 

pole-to-ground voltage agU  exhibits a higher transient 

voltage due to direct grounding of the negative pole, as 

shown in Fig. 21. Under pole-to-ground fault conditions 

in unipolar solidly grounded systems, 
aU  has a higher 

transient voltage as shown in Fig. 22, while 
agU  exhib-

its a similar performance as presented in Fig. 8. There-

fore, to ensure the effectiveness of the proposed pro-

tection scheme for unipolar solidly grounded systems, a 

combination of 
aU  and 

agU  can be used.  

 

Fig. 20.  A simplified circuits for a unipolar solidly grounded 

system.  

 

Fig. 21.  
aU  and agU  voltage characteristics of Ra1 under F1 

pole-to-pole fault in a unipolar solidly grounded system. 

 

Fig. 22.  
aU  and agU  voltage characteristics of Ra1 under F1 

pole-to-ground fault in a unipolar solidly grounded system. 

For a bipolar solidly grounded system, a simplified 

circuit is shown in Fig. 23. The voltage characteristics 

of relay a1R  under F1 pole-to-pole and pole-to-ground 

faults in this configuration are illustrated in Figs. 24 and 

25, respecively. It can be seen that the pole-to-pole 

voltage profile is similar to the voltage feature presented 

in Fig. 8.  
However, for a pole-to-ground fault, due to the posi-

tive pole being short circuited to the middle grounding 

point, the post transient voltage of aU  is insignificant, 

while agU  still provides distinct profile. Therefore, a 

combination of aU  and agU  can be used to achieve 
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effective fault discrimination in a bipolar solidly 
grounded system. Furthermore, the effectiveness of this 
combined approach highlights the flexibility and 
adaptability of the proposed protection mechanism 
across different grounding strategies, ensuring con-
sistent fault detection in complex DC networks. 

 

Fig. 23.  A simplified circuit for a bipolar solidly grounded sys-

tem.  

 

Fig. 24.  
aU  and agU  voltage characteristics of 

a1R  under F1 

pole-to-pole fault in a bipolar solidly grounded system. 

 

Fig. 25.  
aU  and agU  voltage characteristics of Ra1 under F1 

pole-to-ground fault in a bipolar solidly grounded system. 

2) Configuration Topologies 

Since the proposed protection method focuses on the 

post-transient stage, the impact of network configura-

tion on fault discrimination is negligible. This is be-

cause the post-transient voltage characteristics pre-

sented in (8), which form the basis of the fault detection 

and discrimination process, remain consistent across 

different network configurations. To validate this, sim-

ulation results comparing the voltage characteristics of 

relay a1R  under F1 fault conditions in both ring and 

radial network configurations are presented in Fig. 26. 

As seen, the post transient voltage behaviors in radial 

and ring network configurations are similar, indicating 

that the proposed protection scheme reliably distin-

guishes faults regardless of the network topology, 

thereby demonstrating its robustness and adaptability to 

varying operational scenarios. This consistency high-

lights the scheme’s effectiveness across applications, 

from simple radial networks to complex ring systems, 

without the need for additional adjustments or modifi-

cations to the protection algorithm. 

 

Fig. 26.  Voltage characteristics of 
aU  for 

a1R  under an F1 

pole-to-pole fault in radial and ring systems. 

3) Cable Lengths 

Regarding the impact of cable lengths, the 

post-transient voltage characteristics, as described in (8), 

are influenced by both the cable impedance and the 

assistive inductor. Variations in cable length affect the 

impedance of the circuit, leading to changes in the 

PTVD values, as illustrated in Fig. 27. Longer cables 

introduce higher resistance and inductance, which can 

alter the voltage response during fault conditions. 

However, the proposed protection scheme mitigates 

such variation by comparing PTVDs with different time 

delays, as formulated in (17) and (18). The results show 

that, despite variations in PTVD values due to different 

cable lengths, the underlying characteristics still adhere 

to the fault discrimination mechanism. This alignment 

ensures that the scheme can reliably distinguish be-

tween faults under different cable lengths.  

 

Fig. 27.  Voltage characteristics of 
aU  for 

a1R  under an F1 

pole-to-pole fault with different cable lengths. 

Moreover, this robustness underscores the adaptability 

of the protection scheme to practical scenarios where 

cable lengths may vary due to different installation con-

ditions or network expansion. By maintaining accurate 

and reliable fault discrimination even in the presence of 

significant variations in cable impedance, the proposed 
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method eliminates the need for recalibration or additional 

adjustments to the algorithm. This capability ensures 

high protection selectivity and simplifies implementation 

in both small-scale and large-scale DC networks, making 

the protection scheme highly practical and scalable for 

real-world LVDC distribution networks. 

F. Validation in RT-box based Hardware Test Bed 

The validation of the proposed self-adjusting protec-

tion method has been performed within an LVDC dis-

tribution network test bed with a relay control board 

represented in Fig. 28.  

 

 

Fig. 28.  Layout of hardware validation test bed. 

This hardware configuration shown in Fig. 29 is de-

signed to capture the main circuit data from the re-

al-time simulation in RT-Box 1 which is used to emu-

late the circuit fault response. With the circuit running 

in RT-Box 1, the emphases are on data acquisition, 

implementation of protection algorithms, and signaling. 

The experimental setup initiates faults between the 

boundaries of the power converter interfaced capacitor 

and the related protection zones. Voltage measurements 

are taken at the boundaries of the protection zones to 

ensure accurate fault detection and discrimination. The 

main circuit runs in RT-box 1, and the analogue output 

is scaled within 3 V. The scheme is integrated in the 

TMS320F28335M-based control board with a 20 kHz 

sampling frequency and 12-bit analogue-to-digital 

converters. 

The test circuit with the same parameter listed in 

Table III is modelled in PLECS and emulated in re-

al-time using RT-box 1. In the experiments, three 

pole-to-pole faults with a fault resistance of 0.01 Ω are 

emulated by RT-Box 1, labeled as F2, F4, and F5mid, 

representing faults located at the remote busbar, the 
PCC, and the upstream adjacent protected zone, re-

spectively. The results of the fault contributions from 

the three faults are presented in Figs. 3033. 

 

Fig. 29.  Hardware test bed configuration. 

 

Fig. 30.  Current of Ra1 under F2 fault condition. 
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Fig. 31.  PTVD of Ra1 (upper) and Rc1 (lower) under F2 fault 

condition. 

 

Fig. 32.  Current and PTVD of Ra1 under F4 fault condition. 

 

Fig. 33.  Current and PTVD of 
c1R  under F5mid fault condition. 

Under the F2 fault condition, fault current is inter-

rupted within 200 μs by relay a2R , as shown in Fig. 30. 

Meanwhile, the voltage derivative of relay a1R  is illus-

trated in the upper line of Fig. 31, showing an increasing 
trend with a negative sign. However, the voltage deriv-

ative of relay c1R  decreases with a negative sign as 

shown in the lower trace of Fig. 31. Based on (18), a 

reset signal is generated by relay c1R  and is sent to relay 

a1R , ensuring no trip signal is generated by relay a1R . 

Under the F4 fault condition, fault current is interrupted 
within 200 μs, as shown in the upper line in Fig. 32. In 

this case, PTVD of relay a1R  increases with a negative 

sign, as shown in the lower trace in Fig. 32. Relay c1R  

exhibits similar behavior, and based on (18), no reset 
signal is generated. Thus, the fault is isolated by relays 

a1R  and c1R . Regarding the F5mid fault, fault current is 

interrupted within 200 μs, as shown in the upper line in 

Fig. 33. PTVD of relay c1R  decreases with a positive 

sign, as illustrated in the lower line in Fig. 33. Based on 

(13), fault is cleared by relays c1R  and c2R . The 

demonstrated reliable, fast and selective protection 
performance validates the effectiveness of the proposed 
protection scheme. 

G. Comparison with Existing Derivative Based Methods 

The comparison with existing methods, summarized 

in Table Ⅳ, highlights the enhanced performance of the 

proposed methods in several key aspects. Notably, it 
requires fewer metrology devices and smaller data set. 

Meanwhile, the proposed method demonstrates a 

stronger resistive-fault discrimination capability, even 

as the sampling frequency decreases from 20 kHz to 

5 kHz with a 3 mH assistive inductor. The proposed 
scheme demonstrates an enhanced fault resistance tol-

erance, approximately four times greater than existing 

TVD-based methods and twice that of TCD-based 

methods, as illustrated in Fig. 19 and Table Ⅳ. More-
over, the proposed method only relies on PTVD meas-

urement and eliminates the need for current information, 

thereby simplifying data acquisition while maintaining 

high reliability. This unique feature enhances its ability 
to discriminate resistive faults, even with reduced sam-

pling frequency.  

TABLE IV 

COMPARISON WITH EXISTING DERIVATIVE BASED METHODS 

 Proposed  [9] [14] [15] 

Numbers of metrology 

devices 

1 

local U 

2 

local U 

local I 

2 

Bus U 

local U 

1 

local I 

Required  

data set 

U, PTVD, 

Trip_reset 

U, dU/dt, 

I, dI/dt 
U, dU/dt, K 

I, dI/dt, 

d2I/dt2 

Threshold setting No Yes Yes Yes 

High resis-
tive fault 

capability 

5 kHz 15 Ω 3.5 Ω 3.5 Ω 7 Ω 

10 kHz 33 Ω 7.6 Ω 7.6 Ω 13 Ω 

20 kHz 65 Ω 15 Ω 15 Ω 20 Ω 

Ⅴ.   CONCLUSION 

This paper examines the distinctive characteristics of 

Post-Transient Voltage Derivative (PTVD) in LVDC 

distribution networks. Unlike Transient Voltage Deriv-

ative (TVD), PTVD does not diminish as fault re-

sistance increases. Based on this feature, an intelligent 

self-adjusting PTVD-based protection scheme is pre-

sented for protecting DC bus and line faults in LVDC 

distribution networks. By incorporating PTVD with 

self-adjusting mechanism and PTVD-based reset sig-

nals, the proposed scheme can reliably detect and locate 

DC fault within 200 µs. This allows early-stage fault 

interruption, thereby reducing thermal stress on SSTs, 

improving post fault power quality, and enhancing the 

overall resilience of LVDC systems. Furthermore, em-
ploying the proposed self-adjusting PTVD-based pro-

tection scheme facilitates the identification and locali-

zation of high-resistance faults. It shows that DC faults 
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with a resistance up to 15 Ω can be precisely distin-

guished even with a reduced sampling frequency of 5 

kHz. Such capability is approximately four times wider 

than that of existing voltage-based protection solutions in 

LVDC, highlighting the innovative and superior capa-

bilities of the proposed method. In addition, simulation 

results confirm that the proposed method remains effec-

tive under signal noise levels up to 40 dB, demonstrating 

its noise immunity and robustness under practical oper-

ating conditions. This presents promising prospects for 

future applications in LVDC distribution networks. 
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